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Preface to the Fourth Edition 

This fourth English edition is based on the fifth German one, published in 1986. 
Compared with the third English edition it contains a basically new treatment of 
many sections, because in the meantime fundamental research, as well as practical 
applications, have made much progress. 

To avoid undue growth in the size of the book, some sections have had to be 
omitted or shortened, we hope without losing too much of an overall view of this 
quickly growing field of non-destructive testing (NOT). 

In Part A the sections on basic physics give more emphasis to guided waves, 
mode changing processes and the diffraction of waves. The useful creeping or head
waves have been introduced as well as a fuller treatment of scattered or edge waves. 
In the chapter on generation and reception of ultrasonic waves by methods other 
than piezo-electricity, the various laser techniques have been treated more thor
oughly. 

In Part B which covers techniques and instrumentation, the rapid progress of 
microelectronics is the main reason for an enlargement, and further improvements 
in transducer design and their arrangement as phased arrays has also been reported. 
Much more space was required in Chapter 13 which covers real-time imaging meth
ods. Though not yet used on a large scale in practice, they hold much promise for 
the future, especially in the case of computer-assisted holographic methods. 

In Part C the evaluation of defect size and characteristics needed more space for 
reporting on new methods using diffracted waves. 

In Part 0, in addition to nuclear reactor testing, the Chapters on heavy forgings, 
railway components and materials, and the problems associated with austenitic 
welds, composite materials and concrete have all been revised substantially. 
Hardness testing using ultrasound has been added and the chapter on standardiza
tion updated. In Section 33.3 evaluation of materials and their characterization by 
attenuation and scattering has been given more space. 

A difficult problem has been the bibliography. Today there are probably more 
than 50000 published papers on ultrasonic NDT and it has been a difficult task of 
selection to restrict the total to about 1900. The papers of the last three years could 
be evaluated only very briefly, but the bibliography from the 5th German edition 
has been enlarged by adding a Supplement containing a further 206 entries ident
ified by an S prefix. We ask authors for their understanding if they do not find their 
particular papers included, and their pardon if we have overlooked an important pu
blication. 

As well as the co-authors mentioned above (mostly of the Krautkriimer Com
pany, Cologne), a number of experts have also collaborated, to whom the authors 
are very much indebted. These include Or. K. Egelkraut, Bundesbahn-Versuchsamt 
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Minden; Dr. W. Mohr, BBC Baden/Switzerland; Mr. G. Kiinne, Dortmund; 
Dr. H. Schneider, Mannesmann Forschungsinstitut, Duisburg; Dr. B. Werden, 
TUV Essen; Dr. C. Kleesattel, New York; Dr. S. Hirsekorn, IztP Saarbriicken and 
Dr. H. Dolle, BBC Baden/Switzerland. 

The translation has been carried out by Mr. J. D. Hislop, Derby, England in col
laboration with one of the principal authors. It must be stated however that we owe 
to Mr. Hislop not a literal translation, but a considerable improvement in the pres
entation as well as the correction of a number of faults and errors. He also contri
buted many technical details of test methods based on his 38 years experience in 
ultrasonic testing. 

On this occasion we also would like to thank many unnamed friends for their 
kind interest and their communications concerning specific items. We are always 
grateful for personal criticisms and for the correction of errors. 

Finally we thank the editor very heartily for the excellent preparation of the 
book for printing as he has done previously for the earlier editions. 

Cologne, Spring 1990 J. and H. Krautkriimer 
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Introduction 

Acoustics, the science of sound, describes the phenomenon of mechanical vibra
tions and their propagation in solid, liquid or gaseous materials. Empty space 
knows no sound because it is the particles of matter themselves which vibrate, in 
contrast for instance to the oscillations of light or other electromagnetic waves 
where the electric and magnetic state of free space oscillates. In air a sound wave 
moves a discrete volume of air back and forth around its neutral position, whereas a 
light wave has no influence on its state of rest or motion. 

If such mechanical movements in matter, repeated periodically and for a given 
length of time, are classified according to their number of cycles per second, a 
range can be defined in which the human ear can serve as detector. The sound is 
audible if it reaches the ear either through the air or through the body. This re
quires, however, that its frequency be neither too low nor too high. Sound below ap
prox. 10 Hz (hertz = cycles per second) and above approx. 15000 to 20000 Hz is in
audible to the human ear. For the lower limit this statement is, however, strictly 
correct only where this concerns sinusoidal oscillations. Other forms of vibration 
are resolved by the ear into harmonics, thus making them audible as noise pulse se
quences. 

Just as in the case of light waves, where the higher frequencies which are invisi
ble to the eye, are called ultraviolet, so the sound waves above 20000 Hz are re
ferred to as ultrasound or ultrasonic. It has been suggested that sound waves below 
10 Hz be called subsonic. This division is purely arbitrary and dependent on the 
human ear. Completely different demarcations apply in the case of other generating 
and detecting methods. 

Ultrasonic waves are a rather common occurence in nature and in daily life, 
and are occasionally of such intensity that we may regard ourselves as very fortu
nate indeed that our ear is not burdened by them, as for instance in the case of 
steam whistles. A rotating grindstone when used for grinding a specimen generates 
in addition to audible noise intense ultrasonic waves with frequencies as high as 
those used for testing materials, viz. above 100,000 Hz (100 kHz, kilocycles per sec
ond) and up to 10000000 Hz (10 MHz, megacycles per second). 

The numerous technical applications of sound waves and ultrasonics may be di
vided into two groups. As in medicine where X-rays are used for two completely dif
ferent purposes, viz. therapeutically for their action on tissue (e.g. cancer irradia
tion) and diagnostically for studying certain medical conditions (e.g. radioscopy of 
the lungs), so sound can be used to act physically on a given material, or to explore 
its physical condition. In the first case the energy of the sound wave is used, for ex
ample for ejecting particles of dirt from fabrics during washing, for detaching for
eign bodies from a surface during cleaning, for removing metal chips during drill-
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ing, for overcoming surface tension during emulsification, for mixing, and for 
many other applications of mechanical force all concerning the exploitation of 
sound energy. 

In other cases the energy of the sound wave is utilized only to the extent re
quired for transmitting a sufficiently clear signal, for example in public address sys
tems, for locating ships at sea, for sounding ocean depths, locating shoals of fish, 
and for checking the condition of materials, for example for detecting the presence 
of flaws, for measuring their thickness, and determining their elastic and metallur
gical properties. The sound wave is in these cases the carrier of information and 
usually one has to transmit an ultrasonic wave into the specimen and to receive a 
returning one to analyse the information it carries. There are also conditions aris
ing whithin the material itself which are responsible for generating ultrasonic waves 
when the material is stressed. Then we can speak of acoustic emission, which also 
plays a certain role in materials testing. 

In this book principally the diagnostic applications of ultrasound for materials 
testing will be reported. 

Fundamentally to determine the mechanical properties of a given material, a 
mechanical method is the most direct and ready to hand. To determine for example 
whether a shaft is cracked, it can be stressed by tension or bending until the crack 
manifests itself by an open break. This is a mechanical but unfortunately a destruc
tive test. By contrast, sound and ultrasonics provide, for the same purpose, non-de
structive testing methods which basically also use mechanical stresses produced by 
tensile, compressive, shearing or flexural forces but which are of such low intensity 
that no material damage will occur. 

This does not imply, however, that an indirect testing method, for example a 
magnetic particle test which reveals the distorted magnetic field lines produced by 
a crack, may not at times be more suitable, provided the correlation between the 
mechanical properties of the specimen concerned and the physical means applied, 
such as magnetism, electricity, radiation, etc., are unambiguous. 

Leaving out the restrictive qualification "ultra", ordinary sound has long been 
used for testing individual specimens, such as for example forgings or castings, 
where gross internal defects can be detected by a changed ringing note when the 
specimen is struck with a hammer, a method still practised today. Every housewife 
knows that a china cup can be checked for cracks by tapping it. One can therefore 
with justice maintain that testing by sound is one of the oldest non-destructive 
methods for detecting hidden defects since it is very probable that the inventors of 
ceramics would already have put it to use. By the application of modern electronics 
it has become one of the most up to date and most versatile testing tools. 

The transition from audible sound to ultrasonic sound has been made possible 
by modern methods of generation and detection which replace hammer and ear. 
Whereas the natural vibration produced by a hammer blow depends very little on 
the hammer but very much on the shape of the specimen and on the striking point, 
as in the case of a bell for example, the frequency can be predetermined if electrical 
sound generators are used. In the case of higher frequencies the wavelength of a vi
bration becomes smaller in inverse proportion, and finally extremely small com
pared with the dimensions of the specimen concerned. One can then direct a beam 
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of such waves into a specimen without interference resulting from its shape and di
mensions, just as in the case of light from a projector. In this way the specimen is 
"sounded out" a term already common in popular speech, and a specimen which is 
defect free and fit for its purpose has long been described as "sound". 



Part A Physical Principles of the 
Ultrasonic Testing of Materials 

1 Ultrasonic Waves in Free Space 

1.1 Oscillations and Waves 

Ultrasonic testing of materials utilises mechanical waves in contrast, for instance, 
to X-ray techniques which use electromagnetic waves. Any mechanical wave is 
composed of oscillations of discrete particles of material. The motion carried out by 
a small mass attached to a spring as shown in Fig.I.1 if pulled down once and re
leased, is called an oscillation. Left to itself, the mass oscillates about the equilib
rium position. The nature of this oscillation is of particular importance inasmuch 
as it is sinusoidal, the path recorded as a function of time being a sine curve. It is 
obtained only if the driving force, in this case supplied by the spring, increases pro
portionately to the displacement. It is then also referred to as an elastic oscillation. 
Furthermore, one can imagine the body to consist of individual particles kept in 
position by elastic forces. Very much simplified, the model of an elastic body can 
be visualised as shown in Fig. 1.2, but three-dimensionally. Provided such a body is 
not stressed by compression or tension beyond its elastic limit, it behaves like this 
spring model. In it, the particles can perform elastic oscillations. How then does a 
wave arise from an oscillation? 

Let us assume that all material particles on the left side of the model are excited 
collectively in step with the sinusoidal oscillations, for instance by cementing them 

Time -

Fig. 1.1. Sinusoidal oscillation of a 
loaded spring 

Fig. 1.2. Model of an elas
tic body 
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t-t" -- ,(----1" t . . ..... . . . . . ......... . . . .... . . . ........ . 

Direction of propagation ---

Fig. 1.3. Longitudinal wave 

to a diaphragm which is made to oscillate by electrical means, as in a loudspeaker 
for example. All particles in the first plane are then forced to oscillate with the 
same amplitude (width of oscillation) and frequency (number of oscillations per 
second). The elastic forces transmit the oscillations to the particles in the second 
plane. When these have started to oscillate, the vibratory movement is transmitted 
to the third plane, and so forth. If all points were interconnected rigidly, they would 
all start their movement simultaneously and remain constantly in the same state of 
motion, i.e. in the same phase. In an elastic material this is not the case, the motion 
requiring a certain period of time to be transmitted and the planes reached subse
quently lag in phase behind those first excited. While in a certain plane the parti
cles are moving from the right through the point of equilibrium to the left, the par
ticles in a plane further to the right have only just started to move from left to right. 
Their delay is then exactly one half oscillation. Figure 1.3 shows the instantaneous 
picture of a section of the model in which a wave travelling from left to right has 
not yet reached the right-hand edge. It can be seen that the phase shift of the oscil
lations creates zones where the particles approach each other particularly closely. 
These compression zones alternate with rarified zones. The chronological pattern of 
the wave shows that these zones are constantly recreated on the excitation side and 
that they travel in the body at constant velocity and uniform intervals towards the 
right. This represents an elastic wave. 

Of course, Fig. 1.3 cannot vividly demonstrate the movement of the wave, which 
could only be done on a cine film. The wave phenomenon as such is, however, well 
known from another kind of wave, viz. waves in water. A wave crest corresponds to 
a zone of compression. A naive observer might think that the wave crest transports 
water, because his eye can follow the wave crest. That this is not the case in reality 
is demonstrated by any small body floating on the water, which merely moves up 
and down. The only thing that travels in the wave is its state, in the case of elastic 
waves the state of compression and rarefaction. The particles themselves remain in 
place and merely oscillate about their positions of rest. 

Of course, the model of a solid body can be visualised as consisting of many 
separate particles of material only if it is uniform (homogeneous) throughout and if 
it shows the same elastic behaviour in all directions (isotropic). Each point shown 
in Fig. 1.3 then represents the mass of a small cube. 



6 1 Ultrasonic Waves in Free Space 

· · · ~A I ••••• · . · · · . ... . · . · · · · · · · .. · .. .. 
· · · · · · · · · . . · . · · 

· .. · .. · .. · . · .. · .. · . · · · · · · · .. · .. · . · . · · · · · · · .. · .. · . · .. · · · · · · · .. · . · .. · . . . .... · · · · · · · .. · . · .. .. . ..... · · · · · · · .. · .. · .. .. . ..... · · · · · · · .. · . · .. · · · · .. · · · · .. · .. 
Direction of propagation _ 

Fig. 1.4. Transverse wave 

The spring model shown in Fig. 1.2 cannot be applied to liquid or gaseous sub
stances where the individual particles are not tied to a position of rest but where 
they are free. Nevertheless, these substances also offer a certain resistance when 
compressed or expanded, as shown for example by an air pump. They can therefore 
also transmit elastic waves. 

When visualising the models presented in Figs. 1.3 and 1.4, it should be realised 
that the plane of dots represents only a section of the three dimensional body, in as 
much as boundary surfaces would modify the wave process considerably. A wave as 
depicted in Figs. 1.3 and 1.4 can exist in this way only when remote from any 
boundaries. 

A few parameters of a wave will be defined with the aid of Fig. 1.3. The fre
quency of a wave is the number of oscillations of a given particle per second. Within 
a given wave it is the same for all particles and it is identical with the frequency of 
the generator which can be chosen arbitrarily. The wavelength is the distance be
tween two planes in which the particles are in the same state of motion, for instance 
two compression zones and it is inversely proportional to the frequency: high fre
quencies corresponding to short wavelengths, and vice versa. The speed of sound is 
the velocity of propagation of a given condition, for example a compression zone. 
This velocity is a characteristic of the material concerned and in general is constant 
for a given material for any frequency and any wavelength. Numerical data and for
mulae are given in Section 1.3 and Table A 1. For us the most important quantity 
in a given sound field is the sound pressure. At points of higher particle density the 
pressure is likewise higher than the normal pressure, while in the dilated zones it is 
lower. A very small and inertia less pressure gauge placed in the path of the sound 
wave would indicate alternately high pressure and low pressure in sinusoidal se
quence. This alternating pressure is the sound pressure. It occurs not only in gases, 
but also in liquid and solid bodies. The maximum deviation from the normal pres
sure (without sound wave) is called the amplitude of the sound pressure which is 
closely connected to the amplitude of movement, i.e. the maximum deflection of 
the particles from their position of rest. 

To indicate shorter wavelengths, in the same way as shown in Fig. 1.3, it would 
be necessary to choose particles with smaller masses and packed more closely, that 
is to subdivide the material more finely. This has its limits as soon as atomic di-
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mensions are reached. It could then no longer be expected that the masses and for
ces would be evenly distributed. Elastic waves are therefore possible only in the 
case of wavelengths which are still very long compared with the distances between 
atoms or molecules. 

The wave described in Fig. 1.3 is called a longitudinal wave because the oscillations 
occur in the longitudinal direction, that is the direction of propagation, is not the 
only kind of wave although from our point of view it is the most important. Since 
compressional and dilatational forces are active in it, it is also called a pressure or 
compression wave, and because its particle density fluctuates it has also been given 
the name density wave. 

This is the real sound wave because it transmits the oscillations of a source of 
acoustic energy through the air to our ears. Experience shows that the same wave 
also transmits sound through liquid or solid bodies. 

However, in solid bodies another kind of wave can also occur, viz. the transverse 
wave; it is indicated schematically in Fig. 1.4 in the form of an instantaneous pic
ture of the particle motion. It will again be assumed that the wave travels from left 
to right. It can be seen that in this case the particles no longer oscillate in the direc
tion of propagation but at right angles to it, that is transverse. 

The excitations can be visualised as a motion in which the particles on the left
hand surface of the body are moved sinusoidally up and down by a periodical shear 
force. In solid bodies such a shear force can be transmitted to the particles in the 
adjacent planes but their transverse oscillations will show a lag in time, depending 
on their distance from the plane of excitation. This wave is also called a shear wave 
and the wavelength is determined by the distance between two planes in which par
ticles are in a similar state. In Fig. 1.4 the wavelength is indicated between two 
planes in which the particles instantaneously pass through their position of rest in a 
direction from top to bottom. 

The sound pressure of the longitudinal wave is in this case replaced by the alter
nating shear force, but the name "shear of sound" is not used. The pressure is the 
force at right angles to the unit surface, while the shear force is defined as the force 
per unit surface, but parallel to it. Thus, the only difference between pressure and 
shear is one of direction. In all other respects these two characteristics are identical. 
In what follows we shall therefore speak only generally of sound pressure even 
where this refers to the shear force in a transverse wave. 

Figure 1.4 indicates that the shear is greatest where the particles pass through 
their position of rest because at this point the relative displacement of two consecu
tive particle planes is greatest. At the points of maximum amplitude the shear is 
zero. The same has been found in respect of the sound pressure in Fig. 1.3: where 
the particles oscillate through their position of rest they either come closest to each 
other or are furthest apart. At these points the sound pressure reaches its maximum 
(or its minimum) value. The generalised sound pressure and the motion of the par
ticles are thus not in phase but transposed a quarter period relative to each other. 

Since gases and liquids are in practice incapable of transmitting shear (other
wise they could not flow so readily along walls or through pipes), transverse waves 
can for the practical testing of materials penetrate appreciable distances only in 
solid bodies. 
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1.2 Non-planar Waves; Interference of Waves 

The various kinds or modes of wave can occur in different wave forms, by which the 
form of the wave front is meant. Up to now we have described plane waves, in which 
a given phase of the oscillation is always the same in a given plane. This co-phasal 
plane is the wave front which, during propagation, moves parallel to itself. The wave 
front need not necessarily be flat and on the contrary is never strictly flat in the 
case of natural sound generators, but usually of complex curvature. However, for 
clearer presentation and to simplify the calculations it is preferable to replace natu
ral sound waves by simple wave forms, e.g. plane, spherical or cylindrical waves as 
approximations. 

On a given wave front, for example on a sphere in the case of a spherical wave, 
only the phase is identical; i.e. the passage through zero at a given moment, but not 
necessarily the amplitude or the sound pressure. The latter, for instance, may have 
an appreciable value only within a certain angular sector in a given direction, while 
in other directions it may disappear completely. This represents a spherical wave 
beam as produced for instance by directional loud speakers in air, and also in most 
cases by ultrasonic sound generators in the testing of materials. 

To avoid any misunderstanding it should be stated specifically that the descrip
tion of natural acoustic phenomena by means of such simple wave forms for each 
case is permissible only within certain limits, e.g. in close proximity to a plane 
sound generator for plane waves, or at great distance for spherical waves. 

So far it has been tacitly assumed that the generating oscillation capable of 
producing one of the described wave types consists of a single frequency and lasts 
very long. Complex and brief oscillation phenomena can be regarded as consisting 
of a sum of an infinite, or also finite, number of such sinusoidal oscillations which 
differ in their amplitude, frequency and phase. In an elastic medium each such par
tial oscillation produces it own wave. In the case of longitudinal and transverse 
waves in a large body all frequencies have the same velocity and all partial waves 
travel equally fast, so that each particle carries out the same oscillation. A complex 
and brief form of oscillation is thus transmitted by these waves unchanged if energy 
losses are neglected. Absorption or scattering may of course affect the various fre
quencies differently, as for instance in air where distant thunder appears to have a 
lower note since the higher frequencies are attenuated more severely. 

In order to demonstrate the influence of one free wave on another within an in
finite body, we imagine two waves penetrating each other from different directions. 
What is the movement of a particle oscillating simultaneously in both waves? Pro
vided both amplitudes do not stress the substance beyond its elastic limit, beyond 
the so-called linear range, the motions are added vectorally, i.e. according to a par
allelogram and are composed of motions which the particle would carry out alone 
in each separate wave. In this process, however, neither of the waves disturbs the 
other and the two sound beams change neither their original direction nor their fre
quency and amplitude. 

In one special case, however, one obtains an interesting form of the particle os
cillations, viz. a standing wave. This paradoxical formation (for the essence of a 
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Fig. 1.5. Formation of a standing wave by two waves from opposite directions 

wave is that it travels) results from the superposition of two similar plane waves of 
identical frequency, amplitude and (in the case of transverse waves) direction of os
cillation but different direction of propagation. The special case in which they have 
exactly opposing directions of propagation is shown in Fig. 1.5 for a transverse 
wave. The sinusoidal curves represent the connecting lines of a series of particles 
(of matter) at a given moment. Figure 1.5 a to e show this state for five consecutive 
moments. Figure 1.5 f is the overall oscillation of the standing wave. The most im
portant fact in this connection is that certain particles constantly remain in a state 
of rest, which is never the case in an ordinary wave. The points where the two waves 
constantly cancel each other are called nodes, and the points of maximum ampli
tude between them, antinodes. 

This form of the wave is generally known from the natural oscillations of taut 
strings. In the case of the steric standing transverse or longitudinal wave it is, how
ever, necessary to visualise the presentation in Fig. 1.5 supplemented spatially by 
numerous additional rows of particles. The nodes and antinodes are then located 
on fixed planes. 

It should not be overlooked that the representation of this phenomenon as a 
standing wave, or as the mutual penetration of two opposing waves, concerns the 
same physical fact. 

The standing longitudinal wave is derived from the representation of a standing 
transverse wave by regarding the amplitudes of the sinusoidal oscillations in 
Fig. 1.5 as displacements of the particles in the direction of wave travel or against it 
(Fig. 1.6). The points of maximum density and dilatation are located in the plane of 
the nodes spaced one wave length from each other. The nodes of the motion are 
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Fig. 1.6. Standing longitudinal wave. Instan
taneous pictures at different moments 1-5, 
corresponding to Fig. 1.5. The nodes of the mo
tion are located in planes spaced AI2 

Fig. 1.7. Standing wave produced by ref
lection at a free wall. Plotted is the am
plitude of the particles. At the free wall 
it has an antinode 

therefore simultaneously the antinodes of the sound pressure and vice versa, as is 
readily seen in Fig. 1.6. The nodes of motion and pressure are thus located a quarter 
wave length from each other. 

In practical ultrasonics, standing waves occur if the material is no longer infi
nite. At a free surface, i.e. the boundary with empty space, the wave is reflected. In 
the case of a plane boundary and perpendicular incidence the nature of the inci
dent wave is not changed, but incident and reflected wave have opposite directions, 
as described in Fig. 1.7 which shows the reflection of a short wave train from a wall, 
resulting in a brief formation of a standing wave over a distance of a few wave
lengths. Figure 1.7 shows the reflection of a wave at a free wall, i.e. at the interface 
between a given substance and vacuum or air, where the wave is totally reflected. 
According to the boundary conditions the motion of the particles has at that point a 
maximum, viz. an antinode and the pressure or shear has a node. In Fig. 1.7 is plot
ted the amplitude of the motion which can be regarded both as longitudinal motion 
in the case of a pressure wave and as a transverse motion in the case of a shear 
wave. 

Standing ultrasonic pressure waves are produced intentionally when measuring 
wall thicknesses by the resonance method. In other cases they may cause consider
able confusion and should be avoided. 

The standing wave is a special case of the superposition of different waves of the 
same frequency , which is generally called interference. This is also the basis of a very 
vivid method for describing commonly occurring wave forms and wave fields, viz. 
Huygens' principle which will render us good service when explaining the radiation 
of ultrasonic waves. 

Briefly expressed, this principle states that any arbitrary wave form can be con
structed from a large number of simple spherical waves of the same frequency, i.e. 
the so-called elementary waves, which must, however, be chosen correctly regarding 
origin, phase and amplitude. Every wave surface can be visualised as an envelope of 
such elementary waves whose origin is located on a preceding wave surface. Fi
gure 1.8 makes this clear. It shows in cross-section a piston-shaped sound generator 
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Fig. 1.8. Construction of wave surfaces from elementary 
waves according to Huygens 

with a few wave surfaces constructed according to Huygens' principle. It can be 
seen that in the centre, in front of the plane sound generator, a plane wave surface 
is formed which at its edge (seen three-dimensionally) changes into an annular 
form. 

According to the same principle it can also be seen that an impermeable wall 
produces no sharp shadow in a sound field because its edge can be regarded as the 
origin of new elementary waves which travel around the wall into the shadow zone. 

However, application of this principle cannot provide an answer to the question 
how strong the excitation becomes at a given point of the sound field, for example 
in the shadow of the wall. The solution can only be found by a mathematical treat
ment, according to Fresnel (Chapter 4.2). 

1.3 Physical Units for Characterizing Free Waves and 
the Elastic Constants of Materials 

In this chapter we will treat the dependence of the wave properties described above 
on the characteristics of the transmitting material. If not stated otherwise the inter
national SI units are used. The list below defines the most frequently used quanti
ties and their symbols. 
II) angular frequency radls 
f frequency Hz =S-1 .. wavelength m 
~ particle displacement m 
c velocity of sound mls 
v particle velocity mls 
(! density kg/ml 
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F 
p 

/l 
E 
G 
Z 
P 
J 

force 
sound pressure 
Poisson's ratio 
modulus of elasticity (Young's modulus) 
modulus of shear 
acoustic impedance 
acoustic power 
intensity of acoustic power 

N = kgm/s2 

Pa=N/m2 

N/m2 
N/m2 
Ns/m3 

W 
W/m2 

The following relation between frequency, wavelength and sound velocity is 
valid for all kinds of wave 

fA= c. (1.1) 

Instead of the units Hertz and metre, however, MHz (megahertz or Mc/s) and 
millimetre are usually used for the frequency and wave length respectively, because 
this furnishes numerical data of the order 1 which for our purpose are easy to mem
orise. Thus: 

f A C 

MHz mm = km/s . (1.2) 

For general orientation a few rounded-off values of the wavelengths in steel and 
water in the frequency range from 0.5 to 10 MHz, which are of main interest in the 
following pages, are given below (Table 1.1). 

Table A 1 in the Appendix gives more accurate values of the velocity of sound, 
and other constants of additional materials. It should be noted here that the most 
commonly used frequency, 2 MHz in the case of longitudinal waves in steel, the 
most common material, corresponds to a wave length of about 3 mm. This at the 
same time gives an idea of the dimension of a given flaw which can still be detected 
reliably when using this frequency. Furthermore it should be kept in mind that for 
longitudinal waves the ratio of the wavelengths in water and steel is fairly accu
rately 1: 4. 

In the case of plane and spherical waves sound pressure and particle amplitude 
are connected to each other by the relation (see [2]) 

(1.3) 

Table 1.1 

Frequency Wavelength (mm) Wavelength 
MHz in steel in water 

Longitudinal waves Transverse waves 
(Cl = 5.9 km/s) (Ct = 3.2 km/s) (c = 1.5 km/s) 

0.5 12 6.5 3 
1 6 3 1.5 
2 3 1.6 0.8 
4 1.5 0.8 0.4 
6 1 0.6 0.25 

10 0.6 0.3 0.15 
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if the product of density and velocity of sound is abbreviated {!c = Z and called 
acoustic impedance (specific acoustic impedance). Materials with high acoustic im
pedance are called sonically hard in contrast with sonically soft materials. Steel with 
Z = 45 X 106 Ns/ml is sonically harder than water with Z = 1.5 X 106 Ns/ml 
(cf. Table A 1). 

Although the sound pressure is, from our point of view, the most important 
quantity of the sound field, the intensity of a wave is nevertheless sometimes also of 
interest. In the case of plane and spherical waves it is related to the sound pressure 
or the amplitude as follows: 

(1.4) 

The intensity is thus proportional to the square of the amplitude of the sound pres
sure. All relations apply equally to longitudinal and transverse waves and it is only 
necessary to insert the applicable value of the acoustic impedance with the correct 
velocity of sound. For longitudinal waves one derives from Eq. (1.3) the sound pres
sure as force per unit surface at right angles to the wave front, and for transverse 
waves as shear force per unit surface parallel to the wave front. 

Sound pressure is here understood to be exclusively the alternating sound pres
sure. In sound fields there occurs in addition a continuous pressure, the sound-ra
diation pressure, which in the case of liquids for instance produces a flow and 
which propels suspended particles away from the source of sound. This is of no in
terest in the testing of materials. 

In Fig. 1.3 the amplitude e of the particles has been chosen to be very large for 
the sake of clarity, viz. 10 % of the wavelength: 

(1.5) 

In air with the density {! = 1.3 kg/ml and the velocity of sound c = 330 mIs, a value 
of 10 % is reached only at intensities of J = 107 W 1m2, which is among the highest 
values reached to date for very brief periods only. In liquids and in solid bodies the 
amplitudes would be much smaller for example in water 0.04 % of the wavelength. 
In reality the generation of such high amplitudes is impossible because at the enor
mous compressional and tensile forces of about 6 x 106 N 1m2 (= 60 bar) cavitation 
occurs. When testing materials, an intensity of 10 W Icm2 is regarded as already very 
high, but in steel it produces only an amplitude of 1.8 x 1O-6A, or about 2 milli
onths of the wavelength. 

The velocities of the various kinds of sound waves can be calculated from the 
elastic constants of the material concerned, that is the modulus of elasticity E 
(measured in N/m2), the density {! in kg/ml, and Poisson's ratio /l (a dimensionless 
number), 

for longitudinal waves: 

(1.6) 
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for transverse waves: 

ct = ,":=---'-1-- = ~ (Modulus of shear G) . (1. 7) 
y" 2 (1 +.u) V-e 

The two velocities of sound are linked by the following relation: 

(1.8) 

For all solid materials Poisson's ratio .u lies between 0 and 0.5, so that the numeri
cal value of the expression 

~ 1- 2.u 
2 (1 - .u) 

always lies between 0 and 0.707. In steel and aluminium 

.u = 0.28 and 0.34, respectively, 

Ct • 
- = 0.55 and 0.49 respectIvely. 
Cl 

Calculated roughly for both substances, the velocity of transverse waves is half that 
of longitudinal waves. 

Regarding the velocity of sound as a material constant, it should here also be 
mentioned, that the values given in the Table A 1 represent true material constants 
only for materials having an amorphous, vitreous structure. In crystalline materials 
the elastic properties usually differ in different crystal directions, and therefore so 
do the velocities of sound. The values in the Table are simply mean values for ran
dom agglomerations of crystals and in practice deviations from these can easily oc
cur if a given grain orientation is preferred, i.e. if the material has a texture. It can 
be recognized by the differences in velocity of sound in different directions of the 
sample concerned. Formulae valid in the case of anisotropy and texture are listed 
in [27, Section S 11). The elastic anisotropy is particularly pronounced in copper, 
brass and austenitic steel. 

In addition the velocity of sound changes in heterogeneous bodies and is 
usually reduced by a small admixture of a foreign substance. A similar effect is pro
duced by gas pores (for example in porcelain) where porosity can be detected in 
practice by a reduced velocity of sound. 

Finally the velocity of sound depends on both internal and externally applied 
stress in the material both of which can be measured by this effect (cf. Section 33). 
In solid substances any temperature dependence is, for practical purposes, insignifi
cant but it plays a definite role in the case of measurements in liquids. The longi
tudinal velocity of steel decreases with the temperature by about 1 mls per degree, 
on average up to 1200 °C, cf. [So 113). It increases in water by 3.05 mls per degree in 
the range between 10 and 30°C [2]. 

In Eqs. (1.6) and (1.7) the frequency term does not occur, indicating the veloci
ties are independent of the frequency, and are therefore free of "dispersion". This 
fact is very important for the use of ultrasonic pulses, which consist of a band of fre
quencies (cf. Section 2.6). But is valid only for homogeneous materials (cf. Sec
tion 6.2 and 33.3). 
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2.1 Perpendicular Incidence on Single, Plane Interfaces 

Analysis of a wave in an infinitely extended substance is possible only theoretically 
because in practice every substance terminates somewhere, i.e. it has a boundary. 
There the propagation of the wave is disturbed. If the material concerned borders 
on an empty space, no wave can go beyond this boundary because the transmission 
of such a wave always requires the presence of particles of material. At such a free 
boundary the wave will therefore return in one form or another. At a smooth boun
dary one then speaks of reflection, and at a rough boundary of scattering. In this 
connection the roughness of the boundary should be measured in terms of the 
wavelength. If another material is beyond the boundary, and adheres to the first 
material so that forces can be transmitted, the wave can be propagated into it, al
though usually in a more or less changed direction, intensity and mode. 

There are three cases where boundaries have a strong influence on the propaga-
tion of sound, when testing materials: 

The wave has to penetrate boundaries when passing from a generator into a 
specimen and vice versa when being received. 
Defects within specimens are detected by the effect of their boundaries on the 
wave (reflection or transmission). 
Also other boundaries of the specimen may influence the propagation by inter
fering reflections or by intentional guiding (for example in plates or rods) or by 
reflecting the wave into areas otherwise not accessible. 

Firstly we will consider the simple case of a plane wave incident on a perpendi
cular, flat, smooth boundary. For reasons of symmetry only plane waves can then 
be propagated at right angles to the boundary, viz. a reflected wave which opposes 
the incident wave, and a transmitted wave. 

Let us calculate their sound pressures. For this we require the acoustic imped
ance of the two materials Zl and Z2. 

Material 1 

Zl = (hCI 

Incident wave 
Sound pressure P. 

Reflected wave 
Sound pressure p, 

Materia12 

Z2 = (12C2 

Transmitted wave 
Sound pressure Pd 

• 
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We refer the sound pressures of the reflected and the transmitted waves to the pres
sure of the incident wave and form the ratios 

J2.= R Pd and -=D. 
P. P. 

Rand D are the coefficients of reflection and transmission, respectively, of the 
sound pressure and both are dimensionless numerical values. 

We can then derive (cf. [34]): 

(2.1) 

As an example we shall calculate Rand D for the interface steel water. According 
to Table A 1 we have for longitudinal waves 

Thus 

ZI = 45 X 106 Ns/m3 (steel) 

Z2 = 1.5 x 106 Ns/m3 (water). 

1.5 - 45 
R = 1.5 + 45 = -0.935, 

2 x 1.5 
D = 1.5 + 45 = 0.065 . 

Expressed as percentages the reflected wave has -93.5 % of the sound pressure of 
the incident wave and the transmitted wave 6.5 %, the negative sign indicating the 
reversal of the phase relative to the incident wave. If at a given instant the incident 
wave has just reached the positive maximum of the sound pressure (increased pres
sure), the reflected wave has at the same instant its negative maximum (reduced 
pressure) at this boundary. This case is shown in Fig. 2.1 a. 

Sound pressure Sound pressure 

-1 

a 

Fig.2.1. Sound-pressure values in the case of reflection at the interface steel/water: incident 
wave in steel (a) or in water (b) 
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If, in the reverse case, the wave coming from water strikes steel, an exchange of 
Z1 and Z2 gives 

R = +0.935, D = 1.935. 

Since R is positive, incident and reflected wave are in phase. The transmitted wave 
has 193.5 % of the sound pressure (Fig. 2.1 b). 

In ultrasonics amplitude (and intensity) ratios are measured in decibels (dB) 
(cf. Section 6.1). For amplitudes of sound pressure P (or intensities J) the following 
definition applies: 

ratio in decibels = 20 19 ;: dB (= 10 19 ~: dB). 

Applying this to the values of the factors of reflection and transmission in the above 
example, one obtains for the transition steel/water: 
I R I = -0.58 dB (0.58 dB decrease of the reflected amplitude compared with the 

incident), 
I D I = -23.81 dB (23.81 dB decrease of the transmitted amplitude compared with 

the incident). 

For the reverse transition from water to steel one obtains: 
IR 1= -0.58dB, 
I D I = + 5.74 dB (5.74 dB increase of the transmitted amplitude compared with 

the incident). 

At first glance a sound pressure exceeding 100 % seems paradoxical and one su
spects a contradiction of the energy law. However, according to Eq. (1.4) the inten
sity, Le. the energy per unit time and unit area, is not calculated from the sound 
pressure (squared) only but also from the acoustic impedance of the material in 
which the wave travels. However, since this impedance in steel is very much greater 
than in water, the calculation shows that the intensity of the transmitted wave is 
very much smaller there than in water in spite of the higher sound pressure. 

The balance expressed in intensities calculated for a given boundary in the case 
of perpendicular incidence gives 

i.e. the incident intensity appears again as the sum of the reflected and transmitted 
intensities, as required by the law of conservation of energy. However, in the case of 
sound pressure one has 

P. + Pr = Pd or 1 + R = D 

as is confirmed when recalculating the above two cases. 
Phase reversal, characterised by a negative value of R, always occurs in the case 

of reflection from the sonically softer material. However, since the phase value is 
usually of no interest when testing materials, we shall generally omit the negative 
sign in what follows. 

Disregarding the sign, the reflecting power is independent of the sequence of 
two materials but not, however, their transmittance. 
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In the literature the coefficients of reflection and transmittance are frequently referred to 
the intensity (Bergmann [2]) or also to the amplitude of the particle motion (Schoch [35]), 
which can easily lead to misunderstandings. In this discussion these quantities are exclusively 
referred to sound pressure. 

Table A 2 gives values of the coefficient of reflection for certain interfaces be
tween solid and liquid materials, which are of interest in the testing of materials at 
perpendicular incidence. When measuring these values, which in this case were cal
culated from the acoustic impedances, higher figures may be obtained if for in
stance the two materials do not completely "wet" each other. For instance, mercury 
does not wet bright steel without taking special precautions (oiling or amalgamat
ing), so that an erroneous total reflection results. 

Compared to liquid and solid materials, gaseous materials have a very low 
acoustic impedance. For air it is 0.0004 X 106 Ns/m3, so that for the interface steel/ 
air the coefficient of reflection differs from the value 1 only by about 2 x 10-5• 

Where only sound phenomena in liquid or solid materials are considered, inter
faces with air can therefore be regarded as interfaces with vacuum, and are called 
free boundaries. 

Equation (2.1) is also valid for transverse waves. Since, however, the velocity of 
sound in liquids and gases is zero for transverse waves, a transverse wave is always 
completely reflected (coefficient of reflection = 1) in a solid material at its interface 
with a liquid or gaseous substance. For transverse waves the formulae are therefore 
of significance only in the case of solid/solid interfaces. 

2.2 Perpendicular Incidence on Multiple Interfaces; 
Plates and Gaps 

In addition to the single interface between two materials of large dimensions, the 
double interface, as in the case of a plate or a gap, is of interest for the testing of 
materials. For example when sound is transmitted through a sheet immersed in 
water, or through a crack in a solid body. The wave coming from material 1 reaches 
the plate consisting of material 2 and is split into transmitted and reflected waves. 
After passing through the plate, the transmitted wave is split again at the second in
terface, and so on, the result being a sequence of reflections in both directions in
side the plate. On either side a sequence of waves leaves the plate which are super
imposed and whose total sound pressure has to be determined. This cannot be done 
simply by adding the sound pressures according to Eq. (2.1) for each individual 
split wave. If the incident wave is of unlimited length, the individual waves are in
tensified or weakened, depending on the phase position, when they are superim
posed, the result being interference. 

Using for the ratio of the two acoustic impedances the abbreviation 
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d for the plate thickness, and A for the wavelength in the plate material 2, one ob
tains (see also Bergmann [2]): 

Dplate = . 'I + 41 ( 1)2. 2nd V m - In sm2 - A-

1 

Rplate = 
1 ( 1)2. 2nd 1 +- m-- sm2--
4 m A 

1. (m _ .l)2 sin2 2nd 
4 m A 

(2.2) 

Because of the sine functions, both expressions are periodical, i.e. their values fluc
tuate regularly between fixed limits with increasing thickness. 

Minima of R and maxima of D occur at d/ A = 0, 112, 212, 312 et seq. and 

maxima of R and minima of D occur at d/A = 114, 3/4, 5/4 et seq. 

Figure 2.2 shows the transmittance of a steel plate and a Perspex plate in water, 
plotted against the product of the plate thickness d and the frequency f At the 
maxima both plates show complete transmittance and therefore no reflection 
(D = 100%, R = 0). 

The presentation of Fig.2.2 uses the frequency instead of the wavelength be
cause usually the former is given when testing materials. For a given frequency the 
abscissa can be used as a scale of the plate thickness, or alternatively if the thick
ness is given, as a scale of the frequency. 

Example. A steel sheet with a thickness of 1 mm transmits completely at the exact 
frequency 2.95 MHz. To permit undisturbed and reflection-free passage of a fre-
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quency of 1 MHz partitions of Perspex can be used having thicknesses of 1.37 mm 
or 2.74 mm or 4.11 mm. 

In the case of steel immersed in water, and similarly for other materials having 
large acoustic impedance ratios, the transmittance ranges are very small, as in fact 
Fig. 2.2 shows. Near these points even a small change in plate thickness, or ultra
sonic frequency, produces a pronounced drop in transmittance. This is one of the 
great difficulties in the practical testing of materials with continuous ultrasoniC 
waves. 

Since Eq. (2.2) is valid for arbitrary materials 1 and 2, it can also be applied to a 
sheet of air within a solid body, which in the form of a crack in a given test object 
plays an important role in the testing of materials. Theoretically the result obtained 
is a curve of the transmittance similar to that shown in Fig. 2.2 for a steel plate in 
water, with the difference that the maxima are spaced much more closely at about 
1120 of the distance, and additionally they are so narrow that on the scale used in 
Fig. 2.2 they could only be indicated by extremely narrow lines. Of practical import
ance is only the drop from the first transmittance maximum at zero thickness, in 
the case of very narrow gaps. The remaining maxima could only be obtained with 
carefully aligned coplanar gap faces at extremely constant frequency. 

The result is shown in Fig. 2.3 for the transmittance, and in Fig. 2.4 for the re
flection, for a given gap in steel and in aluminium if the gap is filled with air and 
water, respectively. The scale for the thicknesses is logarithmic so that very narrow 
gaps can be included in the picture. At a frequency of 1 MHz for example this scale 
covers the range from 10-8 to 1 mm. 

Firstly it should be noted from Fig. 2.4 that even at 1 MHz a gap of 10-8 mm 
filled with air produces a reflection of 1 % which is readily measurable. This is the 
principle of the method for detecting cracks in solid bodies by reflected waves. 
However, with such a fine crack, the transmittance could not be distinguished from 
that of a specimen without crack since according to Fig.2.3 it remains practically 
unchanged at 100 %. 

However, an air gap of 10-8 mm is purely hypothetical since even the most ac
curate end gauges, if pressed together, still have a separation of 10-4 to 10-5 mm, 
and according to Fig. 2.4 such a gap should reflect almost 100 %. However this is by 
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Fig.2.4. Reflection by a gap as in Fig. 2.3 

no means the case because even if it is cleaned most carefully, a foreign layer ap
parently remains on the surface which reduces the reflection and increases the 
transmission. The pronounced effect of a liquid in the gap is clearly shown by 
Figs.2.3 and 2.4, which theoretically is equivalent to a reduction of the gap width 
by four orders of magnitude. 

Thin air gaps between glass plates can be measured very precisely by optical in
terference methods and this method has been used to measure the influence of the 
gap thickness on ultrasonic reflection and transmission. 

Clark and Chaskelis [249] have found the values in Fig. 2.5. The reflectivity was 
much lower than theory indicates but higher than the values of Tam6szy [1506] and 
Szilard [1496], probably because of the much higher cleanliness of the surfaces. 
Nevertheless Clark and Chaskelis could still detect air gaps of 20 J.lm by reflection 
using frequencies between 5 and 12 MHz. Clark et al. [249, 250] have also mea
sured the reflectivities of liquid-filled gaps for longitudinal and shear waves. 

Theoretically, a hairline crack of Illm in steel which is filled with oil can still be expected 
to reflect 6 % at 1 MHz, which would be quite adequate for its detection (24-dB reduction in 
the reflected amplitude compared with the incident; the acoustic impedance of oil is similar 
to that of water and thus has a similar influence on the reflection). For materials with an 
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acoustic impedance lower than that of steel the reflection for a given gap width is weaker, for 
example in the case of small gaps in aluminium it would be only approx. one third. To coun
teract this effect it would be necessary to use an increased frequency, a four-fold frequency in
crease (to 4 MHz) giving a reflectivity equal to that of steel at 1 MHz. In general, therefore, 
higher frequencies are better suited to the detection of fine cracks. This is also confirmed by 
the experiments described in [249] and [250]. 

The knowledge of the behaviour of thin gaps with respect to ultrasonic waves is 
important in the testing of materials, because some defects have the form of thin 
layers or narrow gaps, as for example lack of bonding when using welds or adhe
sives. It must not be forgotten also, that an air gap between transducer and speci
men prevents the transfer of ultrasonic waves and it has to be replaced by a liquid 
layer (coupling liquid). Therefore what is favourable for the detection of defects is 
disadvantageous for coupling. 

The above discussions all refer to the reflection and transmission of infinitely 
long waves, Le. continuous waves. It is, however, important to have a clear concep
tion of the differences which arise in the case of short wave trains, i.e. so-called 
pulses of only a few oscillations. 

The length of the wave train does not occur in formula (2.1) for the reflection 
and transmission at a given interface. It is, however, necessary to ensure that the 
reflected and the transmitted waves do not later return to the interface after an ar
bitrary number of reflections and thus disturb the process by interference. In the 
case of continuous waves this is in fact often not very easy to prevent. 

The conditions are quite different, however, for the reflection and transmission 
in the case of a plate according to Eq. (2.2). The interesting behaviour of a plate in 
an acoustic field depends precisely on the disturbances caused by interference in a 
very long wave train. If the wave train is so short that it cannot "bite its own tail" af
ter a single reflection in the plate, no interferences are produced. In this case a 
given incident pulse is split into a series of reflected and transmitted pulses com
pletely separate and mutually independent. Each of these can be calculated accord
ing to the simple formula (2.1) by applying it repeatedly to the individual reflection 
and transmission phenomena. As a result of the repeated splitting, the sound pres
sure of the pulse sequence then decreases continuously, but remains completely in
dependent of the thickness of the plate. 

In the transition range between short pulses and continuous waves the wave 
train partially reaches its own tail, resulting in interference over a certain section of 
its length. In that case a sequence of connected wave trains with fluctuating ampli
tude leaves the plate on both sides, the fluctuations depending on the plate thick
ness and the frequency. 

In the case of the above-mentioned thin gaps every pulse, even a short one, is 
equivalent to a wave train of long duration because the width of the gap is in this 
case much smaller than one wavelength. The results therefore apply also to pulse 
transmission [249, 260]. 

The problem of obliquely incident sound pulses on thin layers is treated in [510] 
and [695]. Regarding the optimum thickness of the coupling gap see [396, 1369]. 

Attention is also drawn to the fact that a smooth transition between the proper
ties of two different materials in a given boundary layer changes the results consid-
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erably, and reflection may then be completely absent. In the above discussions it 
has always been presupposed that the transition is sharply defined, or at least very 
short compared with one wavelength. 

2.3 The Law of Refraction for Plane Waves; Mode Changing 

If a plane sound wave strikes a plane interface obliquely, at an angle of incidence a. 
to the perpendicular (Fig. 2.6), reflected and transmitted waves arise as in optics. 
The transmitted waves are also called refracted waves because their direction has 
changed relative to the direction of incidence. The angles of emergence IXr und IXd 

depend on the angle of incidence and on the velocities of sound of the two materi
als. The acoustic pressures, which in the case of perpendicular incidence could still 
be determined by relatively simple formulae, have now become functions of the 
angles, the velocities of sound and the acoustic impedances. They are tabulated in 
the Appendix. In contrast to optics, a new phenomenon has now been added in 
which one kind of wave can be transformed into another, for example longitudinal 
waves into transverse waves and vice versa. 

The transformation of one kind of ultrasonic wave into another is called mode 
changing. It happens quite often in testing materials, partly intentionally, partly 
troublesome. 

The directions of the reflected and the transmitted waves are determined by the 
general law of refraction 

sin IXI =...£L 
sin IXn Cn 

(2.3) 

This law is called Snell's law and was first stated by Snell for optics. It is however, 
valid for all types of wave propagation. 

In Eq. (2.3) I and II are two entirely arbitrary waves linked by a reflection or re
fraction process, and having the velocities of sound C( and Cn. 

Example. Let I be the incident wave in Fig. 2.6 with IX. and C( (in material I), and let 
II be the transmitted longitudinal wave with IXd and Cz. Thus 

sin IX. !:L 
sin IXd Cz 

With IX. given, IXd is determined by: 

2 

• Cz. 
SIn IXd = - SIn IX •• 

Cl 

Fig. 2.6. Reflection and refraction of a plane wave at the plane 
interface between materials 1 and 2 at oblique incidence 
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Example. Let 1 be water with Cl = 1.5 km/s and let 2 be steel with approx. 6 km/s, thus 
C21 Cl = 4. At a 10° angle of incidence, sin IX. = 0.17. Therefore 

sin IXd = 4 x 0.17 = 0.68, 

IXd = 43°. 

In contrast to Fig. 2.6 the transmitted wave emerges in this case at an angle greater 
than the incident angle, the greater velocity of sound being associated with the 
greater angle. In Fig. 2.6 material 2 has therefore a velocity of sound less than that 
of material l. 

If in Eq. (2.3) waves I and II are considered as incident and reflected waves in 
the same material and if both are either longitudinal or transverse waves, they will 
of course have the same velocity of sound Cl' Consequently 

s~n IX. = 1 and 
SInlXr 

IX. = IXr' 

i.e. the angles of incidence and reflection are identical. However, the reflected 
wave can be of a different mode and in that case, although it occurs in the same 
material as the incident wave, it nevertheless has a different velocity of sound and 
therefore also a different angle. The general law, Eq. (2.3), however, remains valid. 

Example. A longitudinal wave in steel strikes a boundary at IX. = 60° with 
CI = c. = 6 X 103 m/s. A reflected longitudinal wave has the same. Since, however, a transverse 
wave with Ct = 3.2 km/s occurs in steel, a second wave is reflected as a transverse wave accord
ing to the law 

Therefore 

s~n IX, = ~ = 0.55 . 
sm IX. c. 

sin IX, = 0.55 x 0.87 = 0.48, 

IX, = 29°. 

The slower transverse wave has a smaller angle than the longitudinal wave reflected at 60°. 

The same applies to the transmitted waves. Provided transverse waves can occur 
in the material considered, as is the case for all solid bodies, both types of wave are 
in general produced but at different angles. 

2.4 Sound-Pressure Values after Reflection and Refraction 

The law of refraction merely gives information regarding the direction of refracted 
or transmitted waves but says nothing about their sound pressures. A few examples 
with combinations of different materials will clarify the situation. The description 
is much simpler for gaseous or liquid materials as compared with solid materials 
because gaseous materials behave in practic like empty space as long as we are only 
interested in the process in the contiguous liquid or solid material, and because 
only the longitudinal wave can occur in liquid materials. 

With the problem of two contiguous materials, four cases of increasing com
plexity can be distinguished: 



Material! 

a) liquid or solid 
b) liquid 
c) liquid or solid 
d) solid 
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Material 2 

gaseous (free boundary) 
liquid 
solid or liquid 
solid 

Case a) Liquid or solid/free boundary can quickly be dealt with for liquid. There is 
only one longitudinal wave which for all angles of incidence is totally reflected at 
the boundary. 

Figure 2.7 shows the case solid/gas for an incident longitudinal wave and 
Fig. 2.8 for a transverse wave. Let us visualise in the left-hand quadrant the incident 
wave concerned, with sound pressure 1 and at angles between 0 and 90°. In the ad
jacent quadrant the same kind of wave (therefore with the same angle) is reflected, 
the curve indicating the amplitude of the sound pressure for each angle of inci
dence. A further quadrant shows the simultaneously reflected wave of the other 
kind. The vectors for one particular example are drawn in each diagram and the 
correlated angles are shown separately on the right. 

For a more quantitative evaluation the curves for the coefficients of reflection 
are given in the Appendix together with the formulae. 
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Fig.2.7. Reflection at the interface solid/gas for an incident longitudinal wave (steel/air) 
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It is worth noting that in Fig. 2.7 the incident longitudinal wave is reflected only 
very weakly between 60° and 70°. Instead, a strong transverse wave occurs below 
about 30°. 

In the case of an incident transverse wave (Fig. 2.8) a similar reflection gap oc
curs at about 30°. There one finds a strong longitudinal wave in a broad sector up to 
90°. A rather interesting phenomenon occurs immediately beyond the 30° angle of 
incidence since according to the law of refraction, a value greater than 1 would be 
obtained for the sine, to which of course no real angle belongs. From our point of 
view this is merely a warning that the wave concerned ceases to be propagated 
freely. Consequently, the remaining wave must acquire the full sound pressure of 
the incident wave, Le. the transverse wave is reflected totally in the sector beyond 
33.2°. 

The law of refraction (Fig. 2.8, right) reveals that this can always occur if the ve
locity of sound of the reflected (or transmitted) wave is greater than that of the inci
dent wave. 

In view of the fact that the magnitudes of the sound pressure of the reflected 
and refracted waves differ greatly it was necessary, for the sake of clarity, to use dif
ferent scales in Figs. 2.7-2.11. As explained already in Section 2.1, a sound pressure 
of the incident wave greater that 100 % does not contradict the law of energy. How
ever, when evaluating the diagrams and the related tables caution is indicated near 
a grazing incidence and reflection, i.e. at 90°: in reality the large amplitudes indi
cated will not be realised due to conversion into a wave with reversed phase which 
is reflected at the interface. 

Case b) Liquid/liquid. The case of two layers of liquid is of no practical importance 
in the testing of materials and it is therefore not discussed here. For formulae see 
Appendix. 
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Case c) Liquid/solid and solidlliquid is of importance in the practical testing of mate
rials because, when locating defects in solid test specimens, an ultrasonic wave 
must frequently be beamed into the material at an angle oblique to the surface. To 
achieve this angle, use is frequently made of the refraction between the material of 
the test specimen and a liquid. Since in this case, because of the occurrence of 
transverse waves, the conditions are more complex than for instance in the case of 
the refraction of light rays in optics, they will be explained in Figs. 2.9-2.11, using 
as examples water/aluminium and aluminium/water. The relevant formulae and di
agrams are found in the Appendix. 

In Fig. 2.9 we have a longitudinal wave travelling in water and striking the inter
face. At small angles of incidence (cf. the diagram showing incidence at 10°) a lon
gitudinal wave enters the aluminium with sound pressure and angle increasing rap
idly with increasing angle of incidence. Simultaneously, a weak transverse wave 
(quadrant lower right) is formed with a maximum at 20° in aluminium. The angle 
of incidence of 13.56° is the so-called first critical angle for the longitudinal wave 
because it disappears at this point from the aluminium. Immediately, however, a 
stronger transverse wave appears and this remains with increasing sound pressure in 
the aluminium from about 30°-90°, while the angle of incidence increases up to 
29.2°. This is the second critical angle, that is the critical angle for the transverse 
wave. 

Above this range of incidence no wave whatsoever can be found in the alumi
nium and it is of no interest therefore for the testing of materials, the incident lon
gitudinal wave being totally reflected. Of more importance is the region between 
the two critical angles because only the transverse wave is available there when test
ing solid materials. 

Figures 2.10 and 2.11 show the reverse wave path, from aluminium into water. 
This is of importance for the pulse echo testing of materials, in order to answer the 

Fig. 2.10. Interface aluminium/water with incident longitudinal wave 
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Fig. 2.11. Interface aluminium/water with incident transverse wave 

question how much of the wave beamed into the test specimen returns from it as an 
echo. 

Case d) Solid/solid. In this most general case both longitudinal and transverse waves 
occur in the two contiguous materials. Consequently, the reflection formulae and 
the presentations become more complex and only a few individual cases have 
therefore been calculated. 

As far as the acoustic contact between the two materials is concerned, two cases 
can again be distinguished: 

d 1) Solid contact, i.e. the two materials are connected to each other by welding, sol
dering or by a thin solid cementing layer. 

d 2) Liquid contact, Le. the two materials are connected by a thin layer of liquid, 
which can transmit compressional forces but not, as in the case of d 1, shear forces. 
In practical testing of materials this case is by far the most important one but atten
tion is drawn to the fact that if high compressional forces are applied (e.g. with a 
shrink fit) the two surfaces, owing to their roughness, may interlock to such an ex
tent that shear forces also can be transmitted, thus representing physically case d 1 
(see Kuhn and Lutsch [869]). 

In practice refraction at the interface solid/solid with liquid coupling finds 
wider application when beaming transverse waves obliquely into the material. Fi
gure 2.12 shows the acoustic pressure amplitudes of the refracted transverse wave 
and the reflected longitudinal and transverse wave for the transition of a longitudi
nal wave from perspex into steel, as calculated by Kuhn and Lutsch [869]. Only the 
region between the total reflection of the longitudinal and transverse waves, which 
is of most practical interest, is shown. 

If we go from a liquid contact (case d 2) to a solid one (case d 1) we get the dot
ted lines in Fig. 2.12. 

They show that both the sound pressure values for the refracted transverse wave 
and the reflected longitudinal wave decrease in favour of the reflected transverse 
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Fig.2.12. Interface Perspex/steel. Incident longitudinal wave in Perspex 

wave. The pronounced dependence of the coefficient of reflection on the coupling 
conditions in the case of the longitudinal wave in Perspex allows a practical coup
ling check [953]. For comparison the reflection of the longitudinal wave at the free 
Perspex interface is therefore also shown (dash-dot-dash line). 

When using ,the echo method for testing purposes it is desirable to transmit as 
much as possible of the sound wave into the test specimen and to receive the maxi
mum possible echo. According to Fig. 2.9 approx. 80 % of the sound pressure of the 
incident wave is lost in the reflected wave. Also in the reverse process as shown in 
Figs.2.10 and 2.11, large portions of the two types of wave are lost again through 
reflection when leaving the solid body. Figure 2.13 answers the question how to de
fine a measure for the transmission losses. Assuming a large plane reflector in the 
second medium the amplitude of the echo is the product of the transmittances in 
both directions, and it can be called the echo transmittance for this specific combi
nation of materials and angle of incidence. Within the solid body we can operate 
either with the longitudinal or with the transverse wave, having therefore two trans
mittances Ell and Elt . Both are shown in Fig. 2.14 for several combinations of mate
rials. 

As in the previous case, it is assumed that the sound pressure of the incident 
wave is 1. The length of the vector then indicates the sound pressure of the return
ing wave. 

Solid 

Fig. 2.13. Explanation of echo transmittance at an interface 
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Fig.2.14. Echo transmittance at various interfaces. a water/aluminium; b water/steel; c Per
spex/aluminium; d Perspex/steel 

For water/aluminium (Fig. 2.14) an echo is obtained via the longitudinal wave 
from the aluminium at small angles of incidence below 13.56°, containing up to 
30 % of the incident sound pressure. At the same time the transverse wave gives 
only a weak echo of less than 10 % (shaded sector). At greater angles of incidence 
up to 29.2° an echo is obtained only via the transverse wave, with a good efficiency 
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of up to nearly 50 %. Figure 2.14b shows the corresponding values for water/steel. 
Because of the greater difference in sonic hardness, the efficiency is in this case 
smaller. As far as the combinations liquid/metal are concerned, it can be stated 
quite generally that at angles of up to about 30° in metal it is better to operate with 
longitudinal waves but above about 35° the transverse wave becomes more favou
rable, a fact widely exploited in the testing of materials. Above 80° the conditions 
are bad for both kinds of waves. 

The corresponding curves for the case Perspex/metal are shown in Figs. 2.14 c 
and d, but only for the transverse wave in metal, for which so far the two different 
conditions, viz. solid and liquid contact, have been calculated (Kuhn and Lutsch 
[89]). In the same way as in Fig. 2.12 the efficiency is surprisingly better for liquid 
contact than for solid contact. Owing to the improved matching of the acoustic im
pedances, it is of course also better than for the case liquid/solid. The combination 
Perspex/aluminium returns more than 60 % of the acoustic pressure at the most fa
vourable angle with liquid contact. For quantitative evaluation see Formulae and 
Diagrams in the Appendix. For further values of echo transmittances for other ma
terials refer to Lutsch und Kuhn [9461. 

The foregoing theory of echo transmittance for unlimited plane waves cannot 
explain all effects in materials testing because of the use of pulses and spatially li
mited waves, i.e. beams. 

For frequencies between 20 and 80 MHz, and for short pulses, values have been 
calculated by computer for the case of coupling a generating crystal via a layer of 
glycerine to steel in [1557]. 

Regarding the influence of the thickness of a coupling layer at frequencies be
tween 1 and 20 MHz see [1185]. This paper also investigates the influence of a 
wedge-shaped layer as well as the viscosity and the coupling pressure. Also for the 
influence of surface roughness see [396, 496, 1544]. 

Where transverse waves have been discussed in this chapter we have concerned 
ourselves exclusively with those having a plane of oscillation parallel to the plane of 
incidence (i.e. plane of drawing in the diagrams). 

Since they are generated by refraction of longitudinal waves (Fig. 2.15) one can 
understand this best by considering that the direction of particle movement in the 
longitudinal wave is Parallel to the plane of incidence. Therefore no particle move
ment perpendicular to it can arise. 

The designation of a transverse wave as parallel or perpendicularly polarised 
only makes sense if a particular plane is defined as reference plane, as for example 

L 
Fig.2.lS. The oscillation plane of a 
split-ofT transverse wave is always par
allel to the plane of incidence 
(= plane of the paper) 
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the plane of incidence in the case of refraction. Within an infinite rigid material all 
directions of polarisation are identical, but in the case where it has a plane boun
dary, or if the material is not isotropic, the two directions of polarisation are not 
identical and we have to distinguish three fundamental types of free wave. This 
case also happens if the material is stressed in a particular direction, when the two 
transverse waves may even have different velocities (see Section 33.2). 

A wave polarised parallel to a plane surface of a specimen is often called shear 
horizontal wave or SH wave, from assuming that the surface is lying horizontally. 
The other type, as in Fig. 2.15, polarised parallel to the plane of incidence as refer
ence plane is consequently, but not very meaningfully, called shear vertical wave or 
SV wave. SV waves, easily generated by the refraction of longitudinal waves, are 
more frequently used in materials testing than SH waves. These latter are only gen
erated by rigidly coupled transverse wave generating probes or by electromagnetic 
excitation. 

The SV wave at an interface follows the refraction law whereas the SH wave 
does not. At a free interface, or an interface to a liquid, the SH wave is totally re
flected at all angles of incidence and no mode changing can occur. This is of great 
advantage for guiding a wave along surfaces. By oblique reflection of any transverse 
wave at a randomly oriented boundary, a transverse wave of any direction of oscilla
tion may be generated. For the calculation of its further behaviour it has to be sepa
rated into two components (transverse waves) with polarisations perpendicular to 
one another. Regarding measurement of the direction of polarisation see Sec
tion 16.4 and [1693]. 

There sometimes arises the need to launch a wave from a solid body via a liquid 
layer into another body of the same or similar material (Fig. 2.16). The perpendicu
lar transit has been treated in Fig.2.2. For oblique incidence a longitudinal wave 
passes through without a mode change so long as the angle of incidence lies be
tween zero (perpendicular incidence) and the first critical angle (15° in steel). How
ever, the liquid layer must be quite thin compared with the wavelength, or interfer
ence will take place by multiple reflections and lateral beam shift. 

An SV wave also goes through in the range of angles beyond the second critical 
angle (from 30° to 90° theoretically, but in practice from 35° to 80~. In this case we 
have a longitudinal wave within the liquid layer but the other transverse wave (SH 
wave) cannot be transmitted. 

Solid 
liquid ------'1---

Solid 

TlI~: (SV) I L 

I Til 
I 

I 
71,\ j I 
(SH~ 

130-90· 

Fig.2.16. Oblique penetration of a liquid layer between two solids 
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2.5 Mode Changing of Incident Sound Beams at Interfaces; 
Guided Waves 

Up to now we have considered waves unlimited in space and time but in practice 
we use beams with a short length of oscillation, i.e. pulses. The direction of a beam 
is not exactly defined since it comprises a certain angular range in space, in the 
same way that a pulse comprises a certain range of frequencies in time. 

That is the reason that certain new effects arise when a beam enters a solid body 
(Fig. 2.17) and from this will also come the generation of certain new wave modes. 

According to Fig.2.12 the critical angle of total reflection for a longitudinal 
wave refracted from Perspex into steel is about 28° in the Perspex and 75° in steel. 
Shortly before this critical angle is reached a creeping wave (also called head wave) 
is split off and is guided along the surface but quickly losing its energy by splitting 
off a transverse wave. The creeping wave has the same velocity as the longitudinal 
wave. 

In Fig. 2.17 a the transverse wave, arriving at a second free and parallel surface 
of the specimen, generates a secondary creeping wave C' as well as the reflected 
transverse wave. 

The fact that the incident longitudinal wave is still present at the critical angle, 
and that in practice a somewhat smaller angle has to be chosen, can be explained 
by the difference between a theoretical unlimited wave and a beam. 

The name "creeping wave" is somewhat misleading since the wave is actually as 
fast as the longitudinal one. We will later deal with another type of creeping wave, 
which is a degenerated surface wave, and therefore the first one would be better 
called a longitudinal creeping wave. 
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Fig. 2.17. The two critical angles of an incident longitudinal-wave beam: a first critical ~~gle 
with the creeping wave C, further transforming into the transverse wave; b second cncltal 
angle of total reflection with the surface or Rayleigh wave R 
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At the second critical angle with total reflection of the transverse wave (at about 
58° in Perspex to steel, when the transverse wave in steel also disappears) a sur/ace 
wave (called also a Rayleigh wave) is split off (Fig. 2.17 b). Its velocity along the sur
face is somewhat smaller than that of the transverse wave and it tends to lose its en
ergy continually into the liquid coupling medium. This can be prevented by keep
ing dry the surface immediately in front of the generator and then, on the free 
boundary, the Rayleigh wave can travel for long distances damped only by the sur
face roughness, the absorption of the material and the beam spread. 

Both types of boundary wave are used for material testing and can easily be gen
erated by an incident longitudinal beam. 

Another Rayleigh wave is generated if a transverse wave within a solid body 
strikes a free boundary at the critical angle of 33° in steel, as in Fig. 2.17b from the 
lower left. 

The damping of the creeping wave cannot be avoided and its useful range is re
duced to about the width of the incident beam. 

Both wave modes are so-called inhomogeneous or transverse damped waves, the 
amplitude of the particle movement decreasing perpendicular to the propagation 
direction, and the penetration depth being comparable to the wavelength. Both 
types of wave are reflected by surface cracks or by edges in their path, which can 
both be detected in this way when testing materials. Whereas the creeping wave is 
only sensitive to inhomogenities within and beneath the surface and does not fol
Iowa curvature, the Rayleigh wave is also sensitive to dirt and liquid drops sticking 
to the surface and it follows the surface contour so long as the radius of curvature is 
not too small. 

At any edge on the surface a Rayleigh wave at perpendicular incidence is partly 
transmitted and partly reflected without a mode change. The reflectivity coefficient 
depends on the sharpness ofthe edge and its angle. Only at an edge like a knife will 
it be almost 100 % reflected [53]. 

Both the Rayleigh and the creeping waves can be directly reflected back to the 
generator and are there retransformed into a longitudinal wave to give a signal from 
the reflecting feature. 

or:W'~ 

a b 

Fig.2.1S. A Rayleigh wave at edges. a splitting into a reflected and a transmitted Rayleigh 
wave and additionally a diffracted free transverse wave (characteristic of angle only sche
matic); b on a surface with two parallel edges or a hollow space in shape of a strip or disc. The 
reflected free transverse wave has been omitted for clarity 
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The Rayleigh wave undergoes a mode change into a diffracted free transverse 
wave as illustrated in Fig. 2.18a as well as undergoing the beforementioned trans
mission and reflection at an edge, provided it has the shape as shown. 

This SV wave (polarised parallel to the drawing plane) is an example of a dif
fracted wave, always generated when any wave is incident on a perpendicular edge 
and they are therefore called edge waves. Applying Huygens' principle we have to 
imagine the incoming wave generating new elementary spherical waves at points 
along the edge. From a free line of sources in space, for example a thin wire), the 
diffracted wave would be of cylindrical shape buts at an edge as in Fig. 2.18 a, the 
directional characteristics are more complicated. 

From the diffracted wave we can also get echoes from reflectors within the solid 
body, but fortunately in most cases they are weak compared with the echo from the 
edge itself. 

Naturally the diffracted transverse wave in Fig. 2.18 a may be detected at any 
convenient surface of the body by a receiver for transverse waves provided its direc
tion of polarisation is perpendicular to the generating edge. 

On the other hand the two transverse edge waves in Fig. 2.18 b can be received 
by the generator of the incident transverse wave. When working with pulses, they 
show a distinct time lag between them, from which the separation of the two edges, 
or the diameter of the hollow disc, could be measured (for example for an artificial 
defect). 

For further treatment of edge waves, see Section 2.7. 
As distinct from the two free wave types we can describe the waves bound to 

surfaces as guided waves. Let us consider the movement path of the particles in a 
Rayleigh wave (Fig. 2.19). It has the shape of an ellipse with an anticlockwise rota
tion if the propagation is assumed to be from left to right. The deformation of the 
surface is not sinusoidal, as is also the case with waves on the surface of water, but 
the form of oscillation becomes increasingly more circular and of smaller ampli
tude with increasing depth beneath the surface. 

If the propagation of a surface wave (Fig. 2.20) is limited by an edge parallel to 
its beam direction, the particle movement is exclusively parallel to the side wall. 

Air r--- Wave length -----J 

Direction of propagation -

Fig.2.19. Rayleigh wave on a steel surface. The ellipse of oscillation is shown on the right 
(cf. [35]; ratio of the axes: 0.44 to 1) 

Fig. 2.20. Rayleigh wave along a right-angled edge 
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This means that no phase shift will occur at grazing incidence and therefore the 
wave does not cancel itself along the side wall, but is reinforced, and guided, by it. 

A wave similar to the Rayleigh wave can exist at the interface between two solid 
materials (Stoneley [1475]) and other similar types of wave can be guided in layers 
of a solid material coated onto another one (Love [592]). These and other types of 
guided wave have not yet found much application in material testing. 

For the free propagation of a Rayleigh wave on a surface the solid material must 
have sufficient thickness perpendicular to this surface. Otherwise, in case of a plate, 
for example, the wave will be increasingly distorted with decreasing thickness. It de
generates into a Lamb wave (Fig. 2.21 b and c) and waves of this type are called plate 
waves, of which a very simple one, the SV transverse wave is already known to us 
(Fig. 2.21 a). It can be transmitted within plates for long distances because this type 
of transverse wave does not undergo a phase shift at grazing incidence. 

Of more importance for materials testing are the plate waves of Fig. 2.21 band c, 
the so-called Lamb waves, especially for the testing of plates. These two are the 
fundamental types of Lamb wave, the symmetric (or stress) wave and the asymmet
ric (or bending) wave and to these also belong an unlimited number of harmonics. 
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Fig. 2.21. Waves in plates. a transverse wave parallel to surface; band c Lamb waves, symmet
rical and asymmetrical fundamental waves in aluminium calculated according to [35) (ratio of 
axes of oscillation ellipses depending on thickness of plate) 



2.6 Velocities of Guided Waves 37 

The particles of the middle zone, or the neutral plane, perform in the case of the 
stress wave purely longitudinal oscillations, and in the case of the bending wave 
purely transverse oscillations. The other particles oscillate, in the case of both 
types, elliptically. 

All these boundary waves appear to be new wave types as additions to the two fundamen
tal ones in free space. Mathematically, they can all be made up from the fundamental ones, 
by taking into account the complicated reflections and phase shifts they undergo at the sur
faces (see p. 38). 

Also in other elongated bodies, for example in rods, there can be generated 
other types of guided wave. Within round or square rods the dilatational type wave 
similar to Fig. 2.21a is sometimes used and is called a rod-wave. There are in addi
tion a large number of bending, torsion or radial waves, together with their harmon
ics, but they are rarely used for materials testing. For generating such waves the 
piezo-electric method is less useful than the electromagnetic one (see Sections 8.4 
and 8.5). 

For more information about creeping waves see [411, 412, 264, 413, 1680, 1240, 400, 395]. 
About surface waves; [32, 35, 180, 259]. About Love waves [667]. About plate waves [888, 35, 
457, S 187]. About mode changing see the theoretical papers [1373,145,180,1198,1005,879]. 

2.6 Velocities of Guided Waves; Dispersion 

The longitudinal creeping wave has the same velocity as the free longitudinal wave. 
The SH plate wave (polarised parallel to the surface transverse wave) has the same 
velocity as the free transverse wave. The other wave types have velocities smaller 
than the longitudinal wave, and they can be calculated from the material constants 
E, f.t and (} (Section 1.3). The velocity of the Rayleigh wave is, according to an ap
proximation by Bergmann [2], 

_ 0.87 + 1.12f.t / E 1 
CR - 1 + f.t V g 2 (1 + f.t) , 

(2.4) 

which gives according to Eq. (1. 7) 

0.87 + 1.12f.t 
CR = Ct 1 + f.t (2.5) 

Thus the Rayleigh wave is always somewhat slower than the free transverse wave, 
for steel 92 % and for aluminium about 93 %. 

Neither frequency nor wavelength terms appear in Eq. (2.4), just as they are also 
absent from Eqs. (1.6) and (1.7) for the free fundamental waves. This means that 
they are free of velocity dispersion. This is true also of the creeping wave but it is by 
no means self-evident. We have seen already that the Rayleigh wave has velocity 
dispersion, when it travels on curved surfaces. For example at a radius of curvature 
r = 3A, it is about 10 % higher on a solid cylinder and lower on the surface of a hol
low cylinder, see also [1375, 1570]. 
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In addition the Rayleigh wave has some dispersion if the quality of the surface 
differs from the base material, for example by surface hardening or stress [168]. 

Love waves also experience dispersion if a surface layer in which they propagate 
has a thickness comparable to the wavelength and this method can be used for the 
thickness measurement of layers. Even the fundamental waves experience appreci
able dispersion in heavily scattering material (cf. Section 33.3). 

Additionally the previously mentioned guided waves (e.g. Lamb waves) also un
dergo dispersion. Their velocities depend in a very complicated way on the mate
rial, on its thickness and the ultrasonic frequency (cf. Table 9 in the Appendix). For 
materials other than steel Pursey [1216] has calculated the velocities for Poisson's 
ratios J.l = 0.25, 0.33 and 0.375 and values for aluminium are given by Firestone 
[457]. 

Fig.2.22 explains the formation of a Lamb wave from zigzag-reflected funda
mental waves. For simplicity we illustrate here only the transverse wave. For a nar
row beam, as in Fig. 2.22 a, the single sections of the zigzag wave do not influence 
one another. With a broader beam (Fig. 2.22 b) the two sections travelling in the 
same direction partially overlap each other, and hence interference may take place. 
In Fig. 2.22 b interference is shown to be destructive and with a broad beam this 
would mean extinction takes place. At another angle for the reflected transverse 
wave (Fig. 2.22 c) the superposition may be constructive and we have a wave combi
nation giving good propagation. 

At first glance it seems strange that such a simple geometrical requirement - that the ref
lected beams should not cancel each other - demands such a complicated relationship be
tween plate thickness and the most favourable angle as shown in Table 9 in the Appendix. 
This complication results from the fact that in the case of the oblique reflection of sound 
beams on surfaces of solid bodies phase shifts occur which in turn depend on the angle. 

The relationships become even more complicated when one examines the velocity of 
these Lamb waves in a direction parallel to the surface. The phase shift during reflection re
sults in the reflected beam being transposed relative to the incident beam so that the path of 
propagation is not zigzag-like but trapezoidal, see [1125]. The extent of this transposition of 

b 

Fig. 2.22. Generation of a Lamb wave from a zig
zag-reflected transverse wave. a Narrow beam ob
liquely reflected; b broad beam with unfavou
rable phase; c favourable phase obtained by 
variation of the angle of incidence 
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the beam depends on the angle IX and the frequency. It may amount to several wavelengths, 
particularly near the glancing incidence of the longitudinal wave (33.2° in steel), with the re
sult that in the case of plates with a thickness of only a few wavelengths, the velocity differs 
greatly from the simple geometrical relation C1 sin IX and C1 sinp (P = angle between the longit
udinal wave and the normal to plate) which could be expected to follow from the elementary 
presentation in Fig. 2.22. Only at IX = 45° does the phase shift, and thus also the transposition 
of the beam becomes zero; in this case the simple geometrical sine relation is valid by way of 
exception. 

In addition to these wave types which manifest themselves as longitudinal and transverse 
waves propagated along a zigzag path, thick plates also have Rayleigh waves. If the thickness 
of the plate becomes less than the penetration depth of the surface wave, the latter degen
erates and is split into two branches with different propagation velocities, viz. the branches 
marked ao and So in Diagram 9 in the Appendix. The corresponding mode of oscillation has 
already been shown in Fig.2.21. In a certain sense these waves ao and So, and the surface 
wave, are also degenerated zigzag propagations. The wave surfaces are almost perpendicular to 
the surface of the plate or are even inclined backwards, against the direction of propagation. 
Consequently, the wave beams no longer detach themselves from the surface, the oblique 
paths through the plate (1 and II in Fig. 2.22) are suppressed, and the wave motion now con
sists only of the reflection at the plate surface and the continuous conversion of longitudinal 
waves into transverse waves resulting from this process. Mathematically this degeneration 
corresponds to the change of IX from a real to an imaginary quantity; viz. sin IX becomes grea
ter than 1. As far as the excitation of these wave types is concerned, it should be mentioned 
that like the true waves reflected along a zigzag path they can be excited by exploiting the law 
of refraction (Eq. (2.3) and Fig. 2.6) in which the sine of the angle of refraction is made, 
purely formally, greater than 1 (values of sin IX in Diagram 9). This results in an entrance 
angle in the water or plastic wedge used for excitation which is greater than the total reflection 
angle. 

For Figs. 2.21 and 2.22, as well as for the calculation of the Lamb-wave velocities in Dia
gram 9, systems of unlimited plane waves of the fundamental types have been assumed. In 
practice we have a beam of limited width and in a restricted angular range. This is one of the 
reasons why we find rather important deviations between the actual and the theoretical veloci
ties. 

A second reason for these differences arises from the use of pulses rather than of infinitely 
long waves. Figure2.23 shows a pulse shape as it is often used for materials testing. 

It consists of not only a single frequency, as assumed for Figs.2.21, Fig.2.22 and Dia
gram 9, but a band of frequencies which is wider the shorter the pulse. Figure 2.24 makes this 
clear where by the summing of only three infinitely long waves of frequencies 0.85; 1.0; and 
1.21 MHz we get a wave form approximating to a I-MHz pulse. 

The various different frequencies contained in a pulse which generates a Lamb wave pulse 
have different velocities in accordance with Table 9, and they may even be completely sup
pressed at the given conditions of plate thickness and angle of incidence. Therefore a pulse, 
rather short initially, will be increasingly distorted and usually broadened, during its trans
mission. A certain oscillation, as for example that marked by an arrow in Fig. 2.23, becomes 
unrecognisable. A measurement of transit time, as for example in distance measurement, is 
no longer possible. Examples of the distortion of Lamb-wave pulses are shown in Figs. 24.13 
and 24.14. 

Fig. 2.23. Commonly encountered pulse form when 
testing materials 
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Fig. 2.24. Synthesis ofa I-MHz pulse composed of purely sinusoidal partial waves of 0.85, 1.0 
and 1.21 MHz 

For a fuller theoretical treatment of sound propagation in solid materials see 
Mason [21], Achenbach [49] and Pollard [30], for guided waves in layered media see 
[3] and [S 143], for computer presentations see Nickerson [1119] and Harumi [9]. 

2.7* Edge Waves 

If a free wave within a solid material strikes a discontinuity various additional 
waves are generated and they can easily be characterised by the requirement to res
tore the disturbed wave at all points to the original undisturbed wave in both ampli
tude and phase. In other words they are required to fulfil the physical boundary 
conditions. 

Figure 2.18b shows a very simplified case, in which the additional or compen
sating waves tend to be mostly Rayleigh waves propagating from the disturbing 
edge. Additional diffracted waves are also generated which are not indicated in this 
diagram and they may be of both the fundamental types. Together with a possible 
mode change from Rayleigh waves to free waves, the actual details of the full distor
tion are quite complicated but fortunately all these additional waves are of low am
plitude. 

We will however consider some specific cases, because the edge waves gen
erated can be of interest for materials testing techniques. 

What actually happens when a free wave is distorted by an obstacle has been 
calculated by Hammi [9]; see also [618, S 65]. 

Example a (Fig.2.25a): Perpendicular incidence of a longitudinal wave on a 
plane disc-shaped gap or a strip. The illustrations show the wave fronts of the var-



---------~---------

c 

b 

--RTO 

f 

2.7 Edge Waves 41 

RLI 

Fig. 2.25. Reflection at a disc, a strip and a hollow cylinder within a solid material to illustrate 
edge waves. a perpendicular incidence of a longitudinal wave on a disc; b the same but at 
angle of 60°; c transverse wave incident on a hollow cylinder 

ious waves at a moment when the incident wave (IL = incident longitudinal) com
ing from below has already passed the obstacle. The distortion of its wave front is 
only indicated qualitatively. Outgoing from both edges are two longitudinal dif
fracted waves (RL 1 and RL 2). In the centre below the reflector they combine with 
the specularly reflected longitudinal wave (RL) from which they cannot be distin
guished if viewed in the axial direction, but only by angular observation. 

Further compensating waves from the edges are two Rayleigh waves (Ra 1 and 
Ra 2) travelling along the surface of the reflector in opposite directions and generat
ing two transverse edge waves when they arrive at the edges (RTI and RT2). 

These latter waves are associated with the Rayleigh waves at their origin, but be
cause their velocity is somewhat higher they seem to originate from a point beyond 
the edge. They then combine in the direction of the axis as a reflected transverse wave 
(RT). On either side of the axis they can be received as two separate transverse 
waves. 



42 2 Plane Sound Waves at Boundaries 

Example b (Fig.2.25b): A longitudinal wave is incident on the disc at an angle 
of 60° and the two diffracted longitudinal waves from the edges RL 1 and RL 2 com
bine with the specularly reflected free wave to form the reflection (RL). The two 
transverse edge waves RT 1 and RT 2 (connected with the two Rayleigh waves on 
the surface as in Example 1) combine, at an angle of about 30°, with the reflected 
transverse wave which has been generated by mode change from the incident wave 
(RT). In the Figure the Rayleigh wave (Ra 1) is already on the way back from the 
right hand edge, where it has generated a further edge wave (RT) but which is not 
shown for clarity. In this way we get a sequence of edge waves, decreasing in ampli
tude from one to the next. 

Example c (Fig.2.25c): A transverse wave (IT) is incident on a hollow cylinder 
and assumed to be polarised perpendicular to the axis of the cylinder, i.e. parallel 
to the drawing plane (SV wave). It generates the two longitudinal edge waves (RL 1 
and RL2) originating from both sides of the cylinder. In the direction of the axis 
they cannot be detected because their amplitudes here are zero. Their angular char
acteristics therefore resemble a plum at the exit points on the surface. 

At these points further Rayleigh waves (Ra 1 and Ra2) are generated surround
ing the cylinder and further transverse edge waves (RT 1 and RT 2) arise at these 
points. They are delayed in time compared with the direct reflected transverse wave 
(RT 0) and hence they may also be received separately in the axial direction. In this 
case both the edge waves and the Rayleigh waves are somewhat degenerated since 
they are continuously connected with the origin of the Rayleigh waves, radiating 
continuously their energy into the transverse waves. They can however be received 
at any angle to the axis by a receiver sensitive to transverse waves of the SV type. 

The degenerated, continuously fading, Rayleigh wave is sometimes called a 
"creeping wave". It should be called preferably a "Rayleigh creeping wave" differing 
as it does from the longitudinal creeping wave described in Section 2.5. Its velocity 
is somewhat less than that of the normal Rayleigh wave and it depends on the ratio 
of the cylinder radius to the wavelength. 

The amplitudes of all these different types of wave cannot be evaluated from 
Fig. 2.25. The wave fronts shown give only the positions at the moment considered 
and they must not be confused with their angular characteristics. Additionally they 
are not given entirely but only schematically in the main direction of propagation. 
Numerical calculations for edge waves from artificial defects in selected cases have 
given pronounced lobes [618]. 

In the foregoing examples we have exclusively used the longitudinal and the 
transverse wave of the SV type, Le. polarised parallel to the drawing plane. We can 
describe the other transverse wave, the SH wave, very easily since no mode change 
takes place. The direction of oscillation remains parallel to the surface of the reflec
tor and the compensation waves are diffracted waves of the same type leaving the 
edge in the form of a circle around the edge. 

Artificial defects in the form of surface cracks are important in the practical 
case and they can be treated qualitatively in the same way. However, the additional 
plane provided by the surface of the solid body produces numerous additional Ray
leigh waves and those arising from their mode changing and splitting off (Harumi 
et al. [9]). 
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For the theory of circulating boundary waves on the surface of empty boreholes, 
as well as those filled with liquids, see [167]. 

2.8 Reflection at a Right-angled Edge and in a Comer 

For the testing of materials, reflections within the angle formed by two surface 
planes of a test object are frequently encountered (Fig. 2.26). If a ray strikes such a 
right-angled edge perpendicularly it is reflected parallel to itself at whatever angle 
it makes with either of the two faces following a double reflection. In the case of a 
beam (Fig. 2.26 b) there is in addition an interchange ofits two sides. If its axis does 
not strike the edge it is additionally transposed parallel to itself. 

If a third plane face perpendicular to the other two forms with them a corner 
then it reflects a beam, coming from any angle in space, parallel to itself. This ef
fect is exploited optically in the "eat's eye" reflector. A similar effect applies to a 
plane ultrasonic wave but allowance must be made for the results of the reflection 
taking place at a solid/gas interface. At each of the two reflections a wave of the 
other type can be split off so that the total coefficient of reflection largely depends 
on the angle of incidence. Figure 2.27 shows the angular reflection for a longitudi
nal wave (a) and a transverse wave (b) in steel. It is calculated as the product of the 
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Fig.2.26. Reflection within a rectan
gular edge. a single ray; b beam 

Fig.2.27. Coefficient of angular reflection in steel for incident longitudinal wave (a) and 
transverse wave (b) 
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coefficients of reflection from Figs. 2.7 and 2.8 for the angles IXI and 90° - lXI' and IXt 

and 90° - OCt, respectively. 
Except for a glancing angle incidence to one of the faces, the longitudinal wave 

shows very bad angular reflection. The reason is that at one of the two reflections a 
strong transverse wave is always split off which does not return in the direction of 
the incident wave. 

Because it is twice totally reflected the transverse wave is reflected completely 
in the central range. On either side, however, there are troughs in which practially 
no reflection occurs. At glancing angles the transverse wave is theoretically again 
reflected more strongly. Here, however, the supplementary limitation must be made 
concerning both kinds of waves, that at glancing angles an actual sound beam, in 
contrast to a theoretial plane wave, loses its sensitivity. Cancellation by interference 
between the direct and the reflected beam occurs along the wall so that both 
curves in Fig. 2.27 a and b again drop practically to zero at 0° and 90°. 

Figure 2.27b also shows the angles frequently used in the testing of materials. It 
can be seen that for an angle reflection as used for instance for the detection of an 
incipient crack starting at right angles to the surface, the angles 35° and 45° are fa
vourable. The 60° angle is particularly unfavourable because it lies within a reflec
tion trough. 

At a comer it is possible to calculate certain surfaces at which longitudinal 
waves are only minimally reflected for the greater portion of the steric angle range. 
For transverse waves a total reflection range is obtained near to the steric angle bi
sector of the comer but is surrounded by a deep trough. However, this surface is 
not rotationally symmetrical about the steric angle axis because of the polarisation 
influence. If it is polarised parallel to one of the planes then there will be no extinc
tion but instead a reinforcement of the grazing wave. 

As well as the specular reflection shown at the edge, a mode change into a Ray
leigh wave will also take place. It will be of some importance only if there is a fur
ther reflecting edge parallel to the first one, where again reflection and mode 
change can take place, as for example in the case of a rectangular groove. From the 
bottom of the groove the diffracted edge wave generated by mode changing of 
the Rayleigh wave may interfere with the main reflection, especially if the groove 
has only a depth of a few wavelengths. In this case Fig. 2.27 is no longer valid. 

A free wave reflected at a boundary with an acoustically soft medium (e.g. air) 
undergoes a phase reversal. At the edge in Fig. 2.26 therefore two phase shifts will 
take place regardless of whether a mode change has happened or not. Therefore an 
echo of a free surface which undergoes only one phase shift will differ from an edge 
echo in phase. 

For reflection from edges and grooves see also [1186, 1187, 1606, 1607, 50, 229, 
544, 394], for picture displays see [597], for computer simulations see Sato [1321] 
and Harumi [617, 9, 618, 619, S 65]. 

Fig.2.28. Reflection within a pointed edge 
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Angles other than 900 are less interesting, but if the angle of incidence of a lon
gitudinal wave (Fig. 2.28) in steel and the angle of a pointed edge are such that 

the splitted-off transverse wave meets the second plane perpendicularly and is to
tally reflected. If (X equals about 610 , the mode change back into the longitudinal 
wave is nearly 100 %; see Section 16.4, 61 0 reflection. 



3 Geometrical Acoustics 

3.1 Limits of Validity 

Geometrical optics use light rays which can be drawn as straight lines. Applying the 
simple laws of refraction and reflection at interfaces, it permits a very clear presen
tation of the effect of mirrors and lenses with curved surfaces for example. We have 
also used this convenient method when discussing reflection and refraction in 
Chapter 2. In this connection it should, however, not be overlooked that this 
method fails to take into account a very important property, both of light waves and 
ultrasonic waves, viz. the wave structure. 

As in optics this produces a number of deviations from purely geometrical con
structions, diffraction phenomena occurring at gaps and openings and whenever the 
dimensions of acoustic sources, reflectors or test pieces are not much greater than 
the wavelength. 

The lengths of light waves are of the order of less than a thousandth of a mil
limetre but those of ultrasonic waves are of the order of millimetres and therefore, 
for all dimensions below about 100 mm, i.e. in the range most commonly used in 
practice, diffraction phenomena can be expected to occur. The simple geometric 
construction of an ultrasonic field behind a hole .in a diaphragm as shown in 
Fig. 3.1 will therefore in reality be inadmissible for hole dimensions below 100 mm. 

In the following sections a few feasible applications of geometric ultrasonic op
tics will be discussed remembering, however, that where this concerns cases in 
which the wave length is no longer very small compared with the dimensions con
cerned, the results obtained are only more or less rough approximations. 

tiaPhrOgm 

[IJ1f r - - Acoustic 
pressure 

Fig.3.1. Geometrical construction of the 
passage of a plane wave through a hole in a 
diaphragm; on the right the correlated dis
tribution of the sound pressure as a func
tion of the cross-section, valid approxi
mately only as long as the wavelength is 
very small compared with the diameter of 
the hole 
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3.2 The Sound-Pressure Distance Law for Spherical 
and Cylindrical Waves 

Let us investigate how in the case of simple wave forms the sound pressure changes 
with the distance from the source. In a plane wave the pressure of course remains 
constant in each plane of the wave, but for waves which are not plane, energy con
siderations lead to a distance law. Figure 3.2 shows four rays coming from the ori
gin of a spherical wave, which determine a small square on the surface of a sphere 
with the radius a. On a further sphere with the radius 2a the four rays determine 
a square which is evidently four times greater in area. According to the law of con
servation of energy, the ultrasonic energy passing through both squares per unit 
time must be identical. The energy density per unit surface on the sphere with the 
double radius is thus only one quarter. Generally the intensities at two different 
distances are, in the case of spherical waves, inversely proportional to the square of 
the distances from the source. 

Since according to Eq. (1.4) the sound pressure is proportional to the square 
root of the intensity, the acoustic pressures are inversely proportional to the dis
tances: 

If al = 1 and the sound pressure at this point is PI, the law of distance for the sound 
pressure of the spherical wave gives us: 

1 
P = PI-;;' (3.1) 

According to this relationship the sound pressure in the source itself (Le. at zero 
distance) would become infinite, which is just as unreal as the concept of a point 
source. Real sources always have finite dimensions and in close proximity to them 
the acoustic wave is usually not strictly spherical. The law (3.1) therefore applies 
only to distances very large compared with the dimensions of the source. If this 

Point source of 
spherical wave 
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Fig. 3.2. The law of distance for intensity 
and sound pressure of a spherical wave 
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Fig. 3.3. The law of distance for inten
sity and sound pressure of a cylindri
cal wave 
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condition is not fulfilled at unit distance, PI refers to a quantity purely specified for 
determining the strength of the source. 

In the case of a cylindrical wave the source is not a point, but the linear axis of 
the cylindrical wave. According to Fig. 3.3 the area determined by four rays on a 
cylindrical surface therefore changes only as a linear function of the distance. A 
square on the inner cylindrical face becomes a rectangle of twice the area on the 
cylindrical surface with double the radius. The intensity therefore changes only in
versely with the distance, that is at a slower rate than in the case of a spherical 
wave. Consequently, the acoustic pressure decreases only inversely with the square 
root of the distance: 

(3.2) 

In the testing of materials the spherical wave, particularly where large test objects 
are concerned, is the most important waveform because the wave generated by a 
conventional ultrasonic oscillator can be regarded at greater distances as a spheri
cal wave. In practical testing this spherical wave frequently strikes flat, cylindrical, 
and more rarely spherical surfaces, by which it is subjected to changes by reflection 
and refraction. These effects will be discussed in the following Sections. 

3.3 Reflection and Refraction of Spherical Waves 
on Plane Surfaces 

The reflection of a spherical wave incident on a plane surface is shown geometri
cally in Fig. 3.4 where each ray is reflected at its own angle of incidence. The shape 
of the spherical wave is preserved but the reflected spherical wave seems to come 
from a point 0' which is the mirror image of the real origin O. A beam retains its 
angie of aperature l:i, as can be seen from the two rays drawn in the diagram and 
which form the angle l:i. 

If one observes the sound pressure along a given ray, it is found that before be
ing reflected it follows the law (3.1). After reflection, the coefficient of reflection for 
the angle of incidence and the type of interface concerned has to be taken into ac
count, as described in Chapter 2: 

1 
p=PI-R. 
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Fig. 3.4. Reflection of a spherical wave at a 
plane interface (wave fronts only shown par
tially) 
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o 
I 

Fig. 3.5. Refraction of a spherical wave at a water/steel interface 

Since according to Fig.2.6 and the following diagrams, this coefficient R de
pends strongly on the angle, the distribution of the sound pressure on one of the 
spherical wave fronts may be greatly changed by reflection. The spherical character 
of the wave is nevertheless preserved. 

In the case of reflection of the spherical wave with a mode change, or refrac
tion of the spherical wave, the wave no longer remains spherical, in contrast to the 
simple reflection. As an example, Fig. 3.5 shows the refraction at a water/steel inter
face, in which only the longitudinal wave in steel is considered. Only rays which are 
almost perpendicular still intersect each other after refraction at a virtual origin 0'. 
The refracted wave can therefore be regarded as a spherical wave only in this parti
cular zone. Geometry gives us: 

d2 : dl = 1)1 : 1)2 = Cl : C2 (here 1 : 4) . 

The angles of divergence of narrow beams incident at a right angle are in the ratio 
of the velocities of sound, which for longitudinal waves in steel is four times greater 
than in water. The pattern of the sound pressure in the second material is deter
mined by the virtual origin 0' from which the distance a in Eq. (3.1) must be calcu
lated. In the case of obliquely incident beams with both refraction and reflection 
with mode conversion, the angle of divergence is dependent on the angle of inci
dence, as is also the pattern of the sound pressure. 

3.4 Curved Interfaces Acting as Concave Mirrors and Lenses 

In Fig. 3.6 we consider the behaviour of a spherical wave impinging onto a spherical 
concave mirror with a radius r. The origin of the wave is at a distance a from the 
centre of the mirror. After reflection the rays intersect at an image point at a dis
tance b from the mirror. As in optics we call the focal distance f, which is the dis
tance of the image point in the case of plane incident waves. These quantities are 
related in the formula 

(3.4) 
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Fig. 3.6. Spherical wave 
incident onto a concave 
mirror 

Fig. 3.7. Cylindrical-mirror 
effect from a forging borehole 

The plus sign applies to the concave mirror and the minus sign to the convex mir
ror. The focal distance should always be taken as positive. 

If, in the case of a concave mirror, a negative image distance is obtained, this means a vir
tual image point behind the mirror. Conversely, if the direction of the rays is taken to be re
versed (incident, convergent spherical wave) with apparent origin behind the concave mirror, 
the distance a should be given the negative sign. 

In the case of the convex dispersing mirror all quantities should be taken with the positive 
sign. Either the image point or the centre of the spherical wave will always appear to be be
hind the mirror. 

In order to calculate the acoustic pressure of the reflected wave, Eqs. (3.1) and 
(3.2) are used in which the distance from the corresponding image point must now 
be taken. This image point, or image line in the case of a cylindrical wave, is the 
source from which the further propagation process can be recalculated, independ
ently of the generation of the image point. 

Consider a spherical wave striking a spherical mirror or a cylindrical mirror. 
The sound pressures of the reflected waves as a function of the distance x from the 
vertex are: 

Spherical wave on spherical mirror on cylindrical mirror 

l!.l f 
a x+f(l+x/a) 

PI ~ f 
-;;- (l+x/a)[x+f(l+x/a)] 

(3.5) 

The upper sign applies to concave mirrors, and the lower sign to convex mirrors. PI 
is the sound pressure of the incident spherical wave at unit distance from the cen
tre, so that PI / a is its sound pressure at the vertex of the mirror. In the case of a 
spherical wave on a cylindrical mirror, which is the more important one in practice, 
neither a purely spherical wave nor a cylindrical wave is produced but a combina
tion of two different cylindrical waves which, in accordance with the two terms be
low the root sign, have also two different image points. 

For quantities under the root signs only absolute values will be calculated. In 
the case of the concentrating mirror the nominator can disappear in all terms, viz. 
at the real image points, where theoretically the acoustic pressure would become in
finite. In reality the geometric construction fails here because of diffraction pheno
mena. The true concentration and increase of the sound pressure depends on the 
wavelength. 
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Figure 3.7 shows a practical test in which a sound beam of spherical waves from 
the probe meets a cylindrical hole in a forging. The full calculation will be made in 
Section 3.5. 

In this case the surface is air backed and the rays incident at right angles are to
tally reflected, as is also assumed in Eq. (3.5). According to Fig.2.7 the rays not 
strictly normally incident, are not totally reflected but the deviations are only very 
slight, and for longitudinal waves at 16° are only about 10 %. Since Eq. (3.4) is being 
used, the calculation should in any case be limited to only a narrow beam around 
the normally incident ray. 

If the reflecting surface is not air-backed but for example by water, the reflec
tion will be reduced. Formula (3.5) must then be supplemented by the coefficient 
of reflection R according to Eq. (2.1). Naturally this does not change the shape of 
the reflected wave, nor the position of the image point. 

At such curved boundaries the transmitted waves can also be traced by consid
ering single rays following the law of refraction (Chapter 2). 

A solid/liquid boundary curved spherically or elliptically (Fig. 3.8) acts as a con
centrating or dispersing lens, depending on the orientation of the curvature and the 
ratio of the sound velocities C2 / c} . 

In contrast to optics, in which calculations are made with the "refractive index" 
n = c} / C2 > 1, with ultrasonics very different values may occur. For the refraction of 
longitudinal waves at the water/steel boundary we have c} / C2 = 0.25 and at the 
steel/water boundary we have C2/ C} = 4. 

Figure 3.8 shows the four possibilities of a lens between water and steel (cf. the 
following table). 

Curvature C2/C) 

Condensing lens a concave >1 
Condensing lens b convex <1 
Dispersing lens c concave >1 
Dispersing lens d convex <1 

Water Steel Steel Water 
Cl<C2 

: »< a 
Water Steel 

~ 'b~· 
b Steel Water 

c,<c2 Cl>C2 

/ 
/ 

"-
"-
" c d 

Fig. 3.8a-d. Lens effect of a curved interface (water/steel) 
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Water Steel 
I 

Steel Water 
c,>cz 

Fig. 3.9. Spherical waves in cases a and b of Fig. 3.8 

The formula for the focal distance: 

r !=---
1- C2/Cl 

(3.6) 

is only valid for narrow beams small in comparison with the lens diameter. It can
not be used to find the focal distance in the case of focussed transducers supplied 
commercially (Section 4.5). 

If in Fig. 3.8 the incident wave is a spherical one rather than a parallel beam, 
then in cases a and b we get real image points but in cases c and d only virtual ones 
(Fig. 3.9). 

The focal distance shall always be regarded as being positive, as well as the axial 
distances a and b of the origin of the spherical waves and their image points from 
the convex surface. The lens formula 

~_ C2/Cl 

b a 
1 

! 
(3.7) 

links all three quantities. Anything said above concerning lenses, including 
Figs. 3.8 and 3.9, also applies to cylindrical lenses. If a plane or a spherical wave is 
to pass through a spherical or a cylindrical lens, the resultant acoustic pressures are 

plane wave 
through spherical lens 

spherical wave 

D.El.. ! 
a (XC2) , xf! 1+

aCl 

through cylindrical lens 

DPO~ X~!' (3.8) 

(3.9) 

The upper, negative sign applies to condensing lenses, (case a and b in Fig. 3.8) and 
the lower, positive sign to dispersing lenses. Under the root sign only absolute va
lues shall apply and D is the transmission coefficient according to Eq. (2.1). 

For the sake of clarity excessively wide beams are used in the ilustrations for which in 
reality the fringe rays would no longer intersect each other at the focal point. 
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When testing materials, the mirror and lens effects are often produced naturally 
by the surfaces of the test objects. Sometimes the effects are used intentionally in 
order to change the direction, shape or intensity of a wave. The plane mirrors used 
for this purpose consist of a metal or plastic membrane stretched over a flat surface 
leaving between them a thin layer of air. The layer of air can of course be very thin 
without becoming transmissive but as a precaution a dry sheet of paper can be in
serted. The membrane itself should be thin compared with the wavelength. Convex 
mirrors are best made of solid materials, for example steel or lead, with losses of 
10 % to 20 %. An absorbing material such as lead can be used to prevent the return 
of transmitted waves from other interfaces. A parabolic mirror is superior to a 
spherical mirror since in this case the fringe rays also converge at the focal point. 

Occasionally, when testing a complex specimen, reflection by means of mirrors 
can be exploited to reach points difficult of access (Fig. 3.10). Other examples are 
shown in Figs. 22.6 band 16.18, and in the latter case the workpiece has intention
ally been given a special form to be able to carry out the test by means of the mirror 
effect. 

To obtain high efficiency in the case of ultrasonic lenses, it is important to keep 
the reflection losses small. 

According to Eq. (2.1) this means that the acoustic impedances of lens and con
tiguous material should be as nearly equal as possible. On the other hand Eq.(3.7) 
indicates that in order to produce satisfactory refraction, the acoustic velocities 
should differ as much as possible. The first requirement rules out lenses made of 
metal immersed in liquid, whereas those made of plastics, for example Perspex or 
polystyrene, are superior, at least for lower frequencies at which their absorption is 
not excessive. Liquid lenses consisting of containers made of thin, spun metal 
sheets, have also been successfully used. For details see [2]. 

To vary the focal distance lenses filled with liquid between deformable dia
phragms have been used, working in a similar way to the lens in the human eye. 

In testing materials lenses are also used to focus ultrasonic beams and thus 
achieve higher sensitivity and better resolution. Finally, another idea has been 
taken from optics and applied successfully to ultrasonic testing. This is the princi
ple of Fresnel or zone lenses (Fig. 3.11). They have the advantage of being thinner 
but they can only be used for one special frequency, the zone widths and thick
nesses being calculated for a certain wavelength only. Furthermore they can only 
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Fig. 3.10. Exploitation of the mirror effect for measuring the cylinder wall thickness of an en
gine block under water 

Fig. 3.11. Fresnel or zone lens made of plastics material in water 
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operate successfully with ultrasonic pulses of sufficient length to allow constructive 
and destructive interference between different waves. For lenses see also [1278, 
1498, 732] and about materials for lenses see [587]. 

3.5 Spherical Waves in Hollow and Solid Cylinders 

The application of the results of the last section will now be illustrated by the prac
tical cases in which a sound wave passes through a hollow or solid cylinder, either 
through direct contact with the entrance point of a spherical wave on the surface, 
or while immersed in a liquid at a distance from the origin of the spherical wave. 

For a cylinder with a coaxial borehole as shown in Fig. 3.7, for example a gen
erator rotor with a central hole, the result of the calculation of the sound pressure 
according to Eq. (3.5) is plotted in Fig. 3.12 for different ratios of internal and exter
nal radii. On the axis the theoretical acoustic pressure of the incident spherical 
wave has been given the value 1. After reflection this value decreases rapidly and 
remains appreciably smaller than in the case of a reflection from a flat back wall at 
the same distance. 

Of particular interest is the magnitude of the reflection from the centre hole, 
measured at the entrance point of the beam, as compared with the reflection from a 
flat back wall. This law is shown in Fig. 3.13. 

However, this result applies only if the diameter of the reflecting hole exceeds 
that of the beam. For instance, a hole of 50-mm radius at a distance of 250 mm 
gives only 40 % of the reflection from a flat back wall (rJ a = 0.2). The function is 
derived from Eq. (3.5) for the cylindrical mirror acting as a convex mirror (therefore 

Flat 
reflector 'y 

- 7~// 
............ 

Fig. 3.12. Relative sound pressure p of 
an incident spherical wave after reflec
tion from a cylindrical hole (sound 
pressure of spherical wave at distance 
d/r. = 1 arbitrarily set equal to one) 
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2 J 6 10 

Fig. 3.13. Ratio of reflected sound pressures at cylindrical hole and flat back wall, measured 
for incident spherical wave at entrance point of beam 

lower sign), with x = a and if divided by the sound pressure P l l2a which the flat 
back wall would produce: 

-.fuL= ~ ri 
Pflal a+ri' 

(3.10) 

In the case of reflection in a solid cylinder, the beam-entrance point is usually lo
cated directly on the surface of the cylinder as shown in Fig. 3.14. In this case the 
back wall concentrates the wave along a focal line F between axis and back wall, at 
113 radius from the axis. The corresponding law is again derived from Eq. (3.5) for 
the concave mirror with a = 2r = 4f. The presentation in Fig. 3.15 uses the distance 
d instead of x, measured from the beam entrance point. 

In this case too the simple formula fails to give true value of the sound pressure 
along the focal line. Nevertheless in practice considerably higher acoustic pressures 
are produced than those of the incident wave at that point. For practical echo 
sounding this focussing method may result in a small flaw producing a much 
stronger echo over the longer path via the back wall (W reflection. Fig. 3.16), than 
along the direct path to and from the beam entrance point. 

F 

-'1/3 T'a--- j 
Fig. 3.14. Reflection of a spherical wave in a solid 
cylinder 
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Fig. 3.15. Relative sound pressure p of an in
cident spherical wave and reflection in solid 
cylinder (see Fig.3.14) (sound pressure of 
spherical wave at distance d/r. = 2 arbitrarily 
set equal to one) 

Fig. 3.16. W reflection from flaw F 
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) 
Fig. 3.17. Relative sound pressure in solid steel cylinder for an incident spherical wave from 
distance a in water 
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The sound pressure of the reflected wave is also greater along its entire path 
through the cylinder than in the case of a flat back wall, which is plotted for compar
ison in Fig. 3.15. They become equal only in the immediate region of the beam en
trance point. That is why when comparing a solid cylinder and an equally thick flat 
plate the back-wall echoes are equally strong for equally strong entering waves, 
which also applies to the multiple echoes as confIrmed by a simple calculation. 

The influence of the probe diameter and the radius of a solid cylinder on the 
back wall echo is the subject of the paper [780]. 

With reference to the multiple echoes from a cylinder with a central borehole 
gee [781, 979, 782]. The latter proves that the correction factors for the influence of 
the cylinder radius, as given in Japanese testing standards, are in error. 

Often cylindrical test objects are immersed in a liquid, the sound generator be
ing at a distance a from the test object. Figure 3.17 shows that the sound pressure 
in a steel cylinder immersed in water decreases rapidly with the distance from the 
surface. With the probe at a distance of 1 radius, viz. a = r, the side remote from the 
probe receives less than 1I10th of the initial sound pressure. At a greater distance 
(a = 2r) the initial value decreases but the pattern becomes generally more un
iform. 

It must be mentioned again that this relationship, as with the earlier ones, gives 
approximately correct values only in the case of specimens large compared with the 
probe diameter. 
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4.1 Elementary Description 

Ultrasonic waves are generated by a source, the so-called probe, and we require to 
know how the wave motion propagates into a material as the ultrasonic field. 

For this we could make use of the variation of the density of the material to de
scribe the field, or the velocity of the particles, or their displacement. However, for 
material testing the sound pressure is of greater interest or more precisely the am
plitude of the alternating pressure. This defines the amplitude of the signals we re
ceive just as with human hearing the effect is louder for larger variations of the air 
pressure. 

In some simple cases we can calculate the sound pressure at a particular spot or 
we can measure it with a miniature microphone or in certain materials we can 
make it visible. 

The sound field of a circular, disc-shaped piezo-electric oscillator is quite a sim
ple one (Section 7.2). It oscillates with equal phase and amplitude over its whole 
surface and communicates its own movement to the contiguous material whether 
as a thickness oscillator (longitudinal movement) or as a shear oscillator (transverse 
movement). It acts as an ideal piston oscillator for longitudinal oscillation if we 
place it into a hole in a solid wall as in Fig. 4.1. We can also assume that a diaph
ragm of the same diameter in a non-permeable wall irradiated by a wide plane wave 
must also give rise to the same sound field as the actual oscillator and thus the 
movement of the particles within the diaphragm, or on the surface of the oscillator, 
will be the same. 

~screen J 
Oscillalar 

Oiaphragm 

Fig. 4.1. Oscillator in rigid wall produces same effect as a diaphragm 
in a flat wave with rigid screen 
Fig. 4.2. Interference structure of sound field behind diaphragm 
according to Huygens' principle 
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According to simple geometric principles the plane wave would beam through 
the diaphragm a sharply defined cylinder surrounded by a shadow field. In reality 
the sound field, owing to diffraction phenomena, is changed considerably in both 
regions. This can be illustrated qualitatively by applying Huygens' principle men
tioned in Section 1.2. As in Fig. 1.8, the spherical elementary waves again form 
plane wave surfaces in the centre zone of the diaphragm. To this is added the edge 
effect. In the case of a straight edge the elementary waves of the edge form a cylin
drical wave whose axis is the edge, while in the case of a circle an annular wave is 
produced. Superposition upon the plane wave produces a field of maxima and min
ima of the sound pressure, of which some are indicated in Fig. 4.2. This is clearly 
demonstrated in Fig. 4.3 where the actual sound beam in front of an oscillator has 
been made visible (Osterhammel method [1155]). 

The ratio of oscillator diameter D to wavelength A determines the spread of the 
interference field and the number of maxima and minima. 

In Fig. 4.2 the wave fronts have a separation of one wavelength A and the diame
ter of the oscillator has been chosen to be 6 wavelengths. In Fig. 4.3 DI A was about 
6.7. The circled points on the dotted lines mark the spots where the path difference 
between the plane wave and the edge wave reaches an exact multiple of ). and here 
we have maxima of the sound pressure. 

Both illustrations are like instantaneous exposures of the sound field but in a 
cine film we could see the maxima travelling along the dotted curves towards the 
axis. 

The position of the last pressure maximum on the axis of the disc and the beam 
depends on D and), in accordance with the relationship 

z= 
D2 - ).2 

4), 
(4.1) 

In most practical cases the diameter is much larger than the wavelength and we can 
simplify Eq. (4.1) as 

Z"" D2 /4)' = N. 

The field beyond the last maximum is called the far-field; the one between the 
probe and the last maximum is the nearfield. N therefore is called the near-field 
length, and is an important characteristic of the sound field . 

Figure 4.4 shows schematically some sections of the sound field perpendicular 
to its axis. Immediately in front of the oscillator we have an annular system of pres-

Fig. 4.3. Sound field in front of an oscil
lator with DIA = 6.7 (photograph by Lin
hardt and Rieckmann (928)) 
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Fig.4.4. Near-field in front of an ideal pis· 
ton oscillator, or behind a circular diaph
ragm in a plane wave, with distributions of 
the sound pressure along sections spaced 
a = 0, NI2 and N, for D/). = 16, with corre
lated photographed simulated images of 
the beam cross-section 

Fig.4.5. Transition from near-field 
to far-field with sound-pressure dis
tributions in cross-section as shown 
in Fig. 4.4 but reduced 1 : 4 

sure minima and maxima the average of which equals the pressure of the plane 
wave and the number of maxima is DI A. In the example illustrated there are 16, 
which corresponds to an oscillator of 24 mm diameter with a wavelength of 1.5 mm, 
corresponding to a frequency of 4 MHz in steel. 

At a distance of about N 12 we find the last pressure minimum on the axis sur
rounded by an annular maximum and there is a single maximum on the axis at the 
near-field length N (see also Fig. 4.19 below). 

The near-field has quite a complicated structure, whereas that of the far-field is 
much simpler (Fig. 4.5). Here the maximum for all sections lies on the axis and the 
adjacent minima lie to the side at positions defined by the angle Yo (dotted lines in 
Fig. 4.5). Yo is called the angle of divergence. 

Since it is difficult to obtain distinct pictures of such acoustic beam cross-sections, the 
images were produced artificially by photography on the basis of the calculated cross-section 
curves. Intense brightness corresponds to high sound pressure. 

The reason for the variations in the sound fields is of course the interference be
tween different oscillations within the wave trains when shifted in time. The wave 
therefore must be sufficiently long since otherwise the variations of the sound pres
sure are reduced and may even disappear completely when short pulses are used. 
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4.2 Zone Construction of a Sound Field according to Fresnel 

In the foregoing chapter we have again made use of the principle of Huygens to ex
plain the sound field and we will now use it to construct an arbitrary sound field 
graphically without mathematics. The method based on Huygens' principle and de
veloped by Fresnel is called zone construction. 

Differences of the sound pressure at different points of the sound field result 
from the fact that Huygens' elementary waves have not travelled along the same 
paths from all points of the radiating surface. In addition their sound pressure de
creases inversely with the distance. The individual sound pressure values of the ele
mentary waves cannot therefore simply be added but their path differences must be 
taken into account too. Two equally strong waves with a path difference of exactly 
one half wavelength cancel each other completely and path differences between 
zero and 112 wave length thus result in acoustic pressures between double the value 
and zero. This can be presented very conveniently by vector addition as shown fOl a 
few cases in Fig. 4.6. This no longer determines the path difference of two elemen
tary waves by a linear measurement but by an angular measurement in which one 
full wavelenth corresponds to an angle qJ of 3600 or 2n. Generally, the path differ
ence 1 corresponds to the phase angle 

(4.3) 

In Fig. 4.6 the sinusoidal patterns of the sound pressures of two elementary waves 
superimposed at a point, are added for given instants and for different path differ" 
ences (phase angles). In each case the corresponding vectors are added at the right 
hand side, the result being identical but much simpler and clearer. At arbitrary 
sound pressures and phase angles therefore the correlated vectors form a parallelo
gram, the diagonal indicating the sound pressure of the resultant wave in both mag
nitude and phase. 

In the Fresnel method of presentation, all elementary waves radiated from a 
given surface and producing at a given point of the sound field a resultant sound 
pressure by adding their individual vectors, are first sorted into groups. Such a 

a Je/2 x 3JC/Z 2x 
a tp-oo 

Ll 
a X/2 Je 3Jr/2 2JC 
b tp=JC/2-90° 

)!Je/Z 

o Jt/2 Jt 3Jt/2 2Jt 
c rp-J!- 180° d 

Fig. 4.6. Vector addition. a, band c with identical amplitude and different phase, d with dif
ferent amplitudes. a qJ = 0; b qJ = nl2 = 90°; C qJ = 1t = 180°; d intermediate value 
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Fig. 4.7. Elementary waves radiated from the face of a circular ring 
Fig. 4.8. Fresnel zones of equal area (the radii are in the ratio ofthe square roots of integers) 

group should have approximately the same phase angle, i.e. the same path length 
from the area concerned to the point of summation. For a flat radiating surface this 
is true for instance for all waves radiated from an annular zone whose centre lies at 
the foot of the vertical (Fig. 4.7). If the radiator oscillates uniformly inside such a 
zone, all its waves can be added up to a single sound pressure which is proportional 
to the area of the zone, and inversely proportional to its distance from the point of 
observation (since they are spherical waves). In the case of a flat area the appropri
ate zones are concentric, circular rings. 

If we divide the surface of the radiator into n annular zones, the ph zone having 
the area Sj and the path of the waves to the measuring point being aj, we obtain the 
sound pressure of this zone as 

S 
Pj=Cj~ (j=l, ... ,n). (4.4) 

aj 

Cj is a factor of proportionality, which is constant for all zones if the radiator oscil
lates uniformly over the whole surface. The area of one zone equals 

(j=2 ... n). 

It is advantageous to equalise the areas of all zones by choosing 

(j=2 ... n) 

rj being the inner radius of the j th zone (Fig. 4.8 and 4.9). In this case we have 
all areas 

(j=2 ... n). 

To add up all vectors we need only the path length 

(j=2 ... n) (4.5) 

where al = a. The angle of the phase lpj between the path aj, and the axis, is ob
tained from Eq.4.5 

(j=2 ... n) (4.6) 

with lpl = O. 
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Fig. 4.9. Construction of zones, path aj = ~ rJ _} + a 2 
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Fig. 4.10. Construction of zones according to Fresnel for two points on the axis at distances 
a} = R 2/ A = 96 mm and a2 = R 2/ A = 48 mm; for R = 12 mm, A = 1.5 mm (D/ A = 16) 

Figure 4.10 shows the graphical construction of the sound pressure at two points 
on the axis of a circular disc. It has a value DI A = 16, as was also chosen for 
Figs. 4.4 and 4.19. The two observation points on the axis with distances at and a2 

equal the near-field length N and its half value, i.e.: 

The surface of the radiator has been divided into 12 zones with vectors 1 to 12. 
Their lengths are derived from Eq. 4.4 and Eq.4.5 and their angles from Eq. 4.6. We 
realize that the lengths of the wave paths vary only very little if the observation 
point is at a large distance from the radiator. In addition the differences from one 
angle to the next get very small. 
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Here we have at the distance a = N, I1qJ = 15° and at a = NI2, I1qJ = 30°. In the 
first case the chain of vectors winds up to almost a semi-circle resulting in a total 
sound pressure at its maximum (and equal to the circle's diameter). In the second 
case it winds up to complete a full circle and the resultant sound pressure totals 
zero. 

The winding up of the chain of vectors increases as the distance gets shorter and 
we get more and more maxima and minima of the sound pressure (compare with 
Fig.4.19). On the other hand, for large distances, the chain becomes a straight line. 
That means we can add up the individual vectors without regard to the phase angles 
and the relationship then becomes: 

P = C (n/a) 81 = C (8/a) 

since all distances a and all the zone areas are equal. Therefore we derive the law, 
that at large distances from a plane radiator the sound pressure on its axis is propor
tional to its area and inversely proportional to its distance (as shown already in Sec
tion 3.2). Even a large radiator for large distances acts as a point source and its par
ticular shape, whether a circular disc or not, has no influence. 

It is interesting to study the influence of different zones on the resulting sound 
pressure on the axis. At the nearfield end, a = N, the outer zones do not contribute 
much to the pressure. Omission of one or two vectors in Fig.4.10 diminishes the 
amplitude very little and the main influence is a phase variation which is usually of 
no consequence for materials testing. A similar result produces a reduction of the 
oscillation amplitude in these zones instead of complete suppression but at the dis
tance N 12 the effect is quite different. Complete suppression, or even some damp
ing of the oscillation of the outer zones, immediately raises the sound pressure 
from zero to much higher values. All zero points in Fig. 4.19 behave in this manner 
and this effect is used to equalize the sound field on the axis in probe construction 
(Section 4.8). 

Such experiments, which can be carried out easily in water, show clearly that 
because of the wave basis of the sound field one can obtain "more" by "less", which 
would be impossible to explain by a geometric-acoustic treatment of the sound 
field. 

For points not on the axis, all circular ring zones are no longer located entirely 
on the surface of the radiator (Fig.4.11). The areas 8j are no longer identical and 
the lengths of the Pj vectors become different. But even in this case the construction 
by the graphical method is simple. The areas are determined by counting the 

Fig.4.11. Fresnel zones for a point not on the axis 
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I \ 

\ / 

Fig. 4.12. Path difference between two elementary waves for the case 
of a distant point of observation 
Fig.4.13. Zonal strip with path differences of ).12 at DIA = 16 and 
with y = 20° 

squares in a drawing of the system on millimetre graph paper and the method is 
then not limited to circular radiator surfaces. 

Ifthe point of observation off the axis moves to infinity, the phase difference for 
two points of the radiator surface depends only on the angle y at which this point 
appears relative to the axis (Fig. 4.12). The ring system from a distant viewpoint 
then appears as a system of parallel strips which, for a given path difference Ill, have 
the distance b = Ill/sin y. If a path difference of half a wavelength is chosen, two ad
jacent strips will cancel each other at the point of observation if their areas are 
equal. Such a system is shown in Fig.4.13 for the conditions: DI)" = 16, angle 
y = 20°. 

It can be seen that the black strips are in practice almost completely counterbal
anced by the white strips, so that nothing, or almost nothing, is left in this direc
tion. This explains the directivity of the radiator in the far-field. At small angles the 
strips become wider and the total area of the white strips may then greatly exceed 
that of the black strips, the condition corresponding to the main maximum of the 
radiation. 

As shown above the sound field may be changed by varying the transit-time dif
ferences between individual zones. This can be done by using a curved oscillator 
for which the fringe zones have the same sound path to a certain observation point 
as have the central ones and we obtain thereby a focussed source. With a Fresnel 
lens (Fig. 3.11 and [1498, 1499]) the transit-time differences arise from different ve
locities in the lens material compared with air and by the varying thickness of dif
ferent sections of the lens. With a zone lens (Fig. 4.36 d, see also [1279]) certain an
nular zones suppress the wave. Finally it is possible to divide the whole oscillator 
into distinct and separated domains, which are excited electrically by voltages with 
appropriate phase shifts to produce specially selected beam characteristics (see Sec
tion 1004.1, phased arrays). 

With the exception of the first solution, viz. using a curved oscillator, the other 
methods are only effective if the wave train is sufficiently long to produce the ne
cessary phase shifts with equal amplitudes. 
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If the wave is produced by some arbitrary shape of the oscillation the resulting 
sound field must be constructed by adding up the individual sound fields of the in
dividual component frequencies of the oscillation also taking into account their dif
ferent phases. 

Compared with the sound field of a long wave train, a short pulse of the same 
basic frequency shows substantial distortions away from the axis and its original 
shape can only be recognized when viewed in the axial direction. 

Fig.4.14. Radiation of a longitudinal wave from an oscillator with a diameter of only a few 
wavelengths. a Net presentation; b vector presentation 
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4.3* Graphical Presentation of Sound Fields 

To illustrate sound fields pictorially there are several avilable possibilities. In 
Figs. 1.2, 1.3 and 1.4 plane waves were represented by a network of individual mass 
points which are displaced by the force of an ultrasonic wave. In the same way it is 
possible to represent a complete sound field rather than just an unlimited plane 
wave. Figure 4.14 illustrates two alternative methods based on a computer simula
tion which calculates the field in front of a longitudinal wave oscillator. 

The de/ormation of a network (Fig.4.14a) is a simple illustration representing an 
instantaneous "snapshot" of the sound field and it can also be displayed by vectors 
(Fig. 4.14 b) giving both amplitude and direction of individual sound-field ele
ments. 

In Fig. 4.14 a we can easily recognize the surface wave, which is radiated simul
taneously with the longitudinal wave (cf. Harumi [9, S 65], and for this finite element 
method see also [1195, 163, 733, S 100]). 

For the angular characteristics of a sound field a useful method is to measure 
the amplitude of the wave on the points of a semi-circle around the source and plot 
them as vectors from a centre point on the radiator (Figs. 4.14 and 4.29). This re
presentation may also be made in perspective (Fig. 4.27). This method gives a good 
picture of the far-field of a radiator. If we utilise thet decibel values of the measured 
sound pressure, it is easier to recognize the small values as for example in the side 
lobes (Fig. 4.15 b). For some applications it is advantageous to represent the angle 
in a linear diagram (Fig. 4.21), because it makes evaluation easier. 

The decibel system of measurement has already been introduced in Section 2.1 
and we must remember that the ratio of two sound pressures is expressed in decibels 
by the formula 

(4.7) 

15' 

10' 10' 
5' 

0' 

5' 

10' 10' 

IS" 

a b 

Fig. 4.15. Angular characteristics for large distances from the oscillator. a Values of the sound 
pressure in a linear plot; b the same plotted in dB 
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If the ratio of sound pressures is 1000: 1 then Ap = 60 dB, and 20 dB represents a 
pressure ratio of 10 : l. 

Isobar presentation. The lines connecting all points of equal pressure in a sound field 
are called isobars and usually their pressure values are calibrated in decibel. The va
lue -6 dB in Fig. 4.16 means that the sound pressure on this isobar is about 112 of 

2r--r--------~,_~~~~~~~~---

~~-,2dB - 6dB 

o O~ 

-==-_- __ - 6dB 

- 2 r--+------f~...:::::::.;~~?~~_2)). ..... ---12dB 

0.1. as a6 a7 a8 a9l.0 2 J 
Relative distance 

Fig. 4.16. Lines of equal sound pressure, plotted in dB. Also the distance from the radiator is 
plotted in a logarithmic measure 

o 
Fig.4.17. Spatial distribution of the sound pressure plotted in linear values on a half plane 
through the radiator, [1686] 
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the reference value, which in this case is on the axis in the same perpendicular sec
tion. It might also be used with reference to a fixed value for the whole sound field, 
for example at the centre of the oscillator, but in what follows we prefer to make use 
of the former system. 

Figure 4.16 represents a longitudinal section through the axis of the oscillator. 
The spatial field may be circularly symmetrical but need not be since it depends on 
the shape of the source. 

The isobar presentation is well suited for beam plotters or for transparent 
screens. The zones between the lines may also be coloured for clarity. 

Three-Dimensional Display. If the sound-pressure amplitudes are plotted on a plane 
perpendicular to the axis, we obtain a three-dimensional mountain representing the 
sound pressure (Fig.4.17). The shape of the rear-edge section is identical to the 
presentation in Fig. 4.19. 

The axial distances in Fig. 4.17 are plotted linearly, but are normalized in terms 
of the near-field length N. The distances perpendicular to the axis are expressed in 

x 

t Po=111111\f1fH++-I'---+--'---+------r-----~ 
<>. 

z-~ 

Fig.4.18. Sound-pressure mountain 
measured in a plane parallel to the 
oscillator 

Fig.4.19. Sound pressure on the axis 
of a piston oscillator as in Figs. 4.4 
and 4.5 
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multiples of the oscillator radius and we will make more use of this normalized 
measurement in future treatments of beam shape and configuration. 

To obtain a three-dimensional impression of the sound field we may also plot 
the values perpendicular to a plane across the axis as illustrated in Fig. 4.18. Wher
eas Fig. 4.17 is derived from calculated values, Fig. 4.18 has been obtained by mea
surements made line by line with a miniature microphone in an actual sound field, 
cf. [244 and 790). 

Beam Profiles. We obtain much simpler presentations if we plot only a single profile 
of such a sound mountain either across or along the axis. Figures 4.4,4.5 and 4.19 
are examples. 

4.4 Sound Field of a Plane Circular Piston Oscillator 

We have already introduced this simplest case of a sound field in Section 4.1. Now 
we will calculate the beam shape along and across the axis. 

According to [38] the sound pressure on the axis is given by the formula 

P = Po 2 sin (~ [~(DI2)2 + Z2 - z] ) (4.8) 

where z is the distance on the axis from the centre point of the disc and D its di
ameter. 

As we have seen negative values mean phase reversal. 
Figure 4.19 shows the shape in absolute values of Eq. (4.8); see also [38]. 
Because of the sine function the pressure oscillates between zero and 2po and 

the distances z of the maxima are given by 

~ [~(DI2)2+Z2 -z]=(m+n)n. (4.9) 

Therefore we have maxima for m = 112 and n = 0, 1, 2, 3 .. . 
and minima for m = 1 and n = 0, 1, 2, 3 ... . 
See also [975]. 

If one solves the equation (4.9) to obtain the distance z for the position of the 
extremes, it follows that 

(D2/41) - (m + n)2 
z= 

2 (m + n) 
(4.10) 

The term (D2/41) represents the well-known near-field length N, (Eqs. (4.1) and 
(4.2», and if we normalize Eq. (4.10) in terms of this value we obtain 

z/N= 1- (m + n)2(2A./D)2 
2 (m + n) 

(4.11) 
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Because z must be positive, in Eq. (4.10) only those values of n are allowed for 
which z ~ 0, and thus 

n ~ (DIU) - m (with m = 112 or 1). (4.12) 

Therefore a circular radiator such that DI A = 4 will have only two pressure maxima 
and two minima, one of which lies exactly at the center of the disc, where z = O. 
Table 4.1 gives other values of the positions of maxima and minima. 

For large values of z and DIA, Eq. (4.8) may be simplified as: 

P ~ Po 2sin ( ~~: ) 
rrD2 rrN 

~ Po 4AZ = Po-z- or 
s 

= Po AZ 

(4.13) 

where S is the area of the oscillator, and we see that the sound pressure decreases as 
11 z. This is the same distance law as that of a spherical wave, as seen in Section 3.2. 
Equation (4.13) therefore means that at large distances the special shape of the ra
diator is no longer of influence but only its area. In fact all sources at large dis
tances act as point sources. Figure 4.20 shows the sound pressure on the axis ac
cording to Eq. (4.9) and also its approximation by a spherical wave. This 
approximation is too inaccurate at shorter distances and for example at z = N it 
is ~ times too large, i.e. about 57 %. However at 2N it is 11 % inaccurate and at 
only 3 %. 

Table 4.1. Position of extreme values of sound pressure on the axis 
of different circular disc oscillators 

(DI,i) = 4 (DI,i) = 7 

Maxima Minima Maxima Minima 

2 (m + n) zlN zlN zlN zlN 
1 0.93 0.98 
2 0.37 0.46 
3 0.14 0.27 
4 0 0.17 
5 0.10 
6 0.04 
7 0 

3r-~~~----'--------. 

1 2 

Po-11---'--I--I------.::::s:'-.-.:---------l 
Fig.4.20. Sound pressure p on the 
axis of the radiator as shown in 

OL-.,.L,--L-----J,.,----------='6N' Fig.4.19; dotted line is the sound 
z- pressure of a spherical wave 
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Within the near-field the pressure on the axis oscillates between zero and 2po 
but in the far-field it decreases continuously. Not until the 3-fold near-field length, 
3N, is it reduced to the average value of the near-field, Po. The range between N 
and 3N is sometimes called therefore the transit field [1331]. 

In the transverse section at the points of maximum or minimum pressure we also have 
peaks and troughs as Fig. 4.5 shows. Here the number of them also depends on DI1 but at the 
principal axial maximum the side maxima do not reach the principal value, 2po. 

In the far-field the maximum sound pressure is always found on the axis and 
here the description of the field by an angular characteristic makes sense (see 
Fig. 4.15). 

At the distance z the relationship between the pressure and the angle l' is given 
by the formula 

(4.14) 

where X = n (D/ A) sin y. 

J1 (X) represents a Bessel function, the values of which one finds in mathematical 
tables cf. [26]. pz is the value on the axis at z where we have 

J1 (X)/(X) = 1. 

Equation (4.14) has been already displayed in polar coordinates in Fig. 4.15 but 
for better clarity Fig. 4.21 shows it in rectangular coordinates. 

With the help of the left-hand angular scale one can determine sound pressure 
values on either side of the maximum for the special case of D/ A = 16. For example 
at l' = 4.3° it reaches its first zero point and this angle is called Yo, the angle 0/ diver
gence. With the right-hand scale other values of D/ A can be evaluated. In this case 
we have made use of the approximation for small angles 

sin l' '" (n/1800) y0 = 1'°/57°. 
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Fig.4.21. Relative sound pressure 
in the far-field plotted against angle 
)I for DI1 = 16 
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Example. For an oscillator with DI..t = 4 (D = 24 mm, ..t = 6 mm, which corresponds to a fre
quency of 1 MHz in steel) we achieve half of the maximum sound pressure at the value 0.7 on 
the right-hand scale, from which we calculate the appropriate angle from: 

4 (yOlS7j = 0.7: hence y0 = 10° . 

The angle of divergence, Yo also results from the theory of diffraction (cf. [32]) in 
which 

sin Yo = 1.22 (AI D) (4.15) 

for a circular disc. For small angles, viz. less than 10°, we have approximately 

Yo = 70°(MD). (4.15) 

Specific angles, where the sound pressure has decreased to 50 % or 70 % of the 
maximum are called Yo.s and YO.7 or generally Ya with the value oc ~ 1. 

The upper scale of Fig.4.21 shows the pressure reduction in decibel in which 
the values 50 % and 70 % correspond to - 6 dB and - 3 dB respectively and a sound 
pressure of zero corresponds to infinite decibel 

Yo.s g, Y-3 dB, 

YO.7 g, Y-6dB' 

In the echo method of ultrasonic material testing we are not so much interested in 
the angular divergence of the outgoing beam (the so-called free-field) but more in 
that of the reflected beam, the echo field. Here we need to know what percentage of 
the maximum axial echo we will still receive from a small reflector lying off the beam 
axis. 

Because the angular characteristics of a given oscillator acting as transmitter is 
the same as when it acts as a receiver the overall behaviour is provided by the 
square of the characteristic, and this fact has to be taken into account when angles 
of divergence are considered. Yo is the same in both cases, but not for any other va
lue of Ya' 

If YO.7 is considered for example, because 0.72=0.49""0.5, we have 

YO.7 (free-field) = YO.S (echo field) 

or using decibel-values 
Y MB (free-field) = Y2AdB (echo field) 

and the corresponding angles of divergence are given by the relation 

sin Ya = sin YMB = ka (~). (4.16) 

Table 4.2 gives the values of the factors ka for both free-field and echo field in 
the case of a circular disc. 

Equation (4.16) does not depend on the distance Z of the source. Equal reduc
tions of an echo from a small reflector, compared to one in the axial position, occur 
at the same angle to the axis for all distances. 

The half width b of a beam at the distance z can be calculated in accordance 
with Fig. 4.22 as 

b = z tan Y "., z sin Y = Zk(A/ D) . (4.17) 
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Table 4.2 

Free-field 

IX 

0.84 
0.71 
0.50 
0.32 
0.25 
0.10 
0 

4 Wave Physics of the Sound Field 

k" Echo field 

~dB IX 

-1.5 0.37 0.71 
-3.0 0.51 0.50 
-6.0 0.70 0.25 

-10.0 0.87 0.10 
-12.0 0.93 0.6 
-20.0 1.09 0.1 
-00 1.22 0 

~dB 

-3.0 
-6.0 

-12.0 
-20.0 
-24.0 
-40.0 
-00 

Fig.4.22. Divergence of the beam from a 
circular oscillator 

Example. What is the width of an ultrasonic beam at the distance N using the edge criterion of 
a decrease in the echo of 6 dB? 

From Eq. (4.17) with z = N = D2/4A and taking k from Table 4.2 for an echo (~= -6 dB 
gives k = 0.51) we obtain 2b = O.25D. This result means that the beam is effectively focussed 
at the end of the near-field, its sensitivity being concentrated there in a circle with a quarter of 
the transducer diameter. 

Example. How wide is the beam from an oscillator, having DIA = 16, at the distance of 
500mm? 

From Fig. 4.21 we have Yo = 4.30 and using Fig. 4.22 

2b = 2ztanyo= 2 x 500mm x 0.075 = 75 mm. 

When using the pulse-echo method of testing we have to expect deviations from the above re
sults if the pulse is shorter than about six wavelengths, or if the oscillator is excited non-un
iformly, see Section 4.8. 

Equations (4.16, 4.17 and 4.19) are only valid for values of D much greater than A. With 
decreasing DI A the angle of divergence increases to 900 remaining constant thereafter. The 
free-field characteristics of a small transducer with DI A = 1 for longitudinal waves is nearly 
spherical. The hemispherical shape, often erroneously expected, cannot be achieved, because 
a free longitudinal wave propagating along a free surface cancels itself since there is a phase 
reversal at the grazing incidence. 

Figure 4.23 represents the angular characteristics of a point-source transmitter according 
to calculations by Roderick [1275] (see also [442]). It has a nearly spherical characteristic for 
longitudinal waves, and additionally off-axis transverse waves with two lobes on each side of 
the axis. It is clear therefore that a small source of longitudinal waves will also transmit trans
verse waves at an angle and the same is true of a receiver. 

The point source directivity diagram has an important consequence in the generation of 
oblique transverse waves by so-called angle probes (Section 10.4.2). If transverse waves are 
generated by refraction of a longitudinal beam, the directivity characteristics according to 
Eq. (4.16) are axially symmetrical, when calculated from the refraction law, Eq. (2.3), only if D 
is much larger than A. This would be the "geometrical" directivity, but with decreasing DIA it 
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Fig. 4.23. Directivity diagram for a point source on the surface 
of a solid material, calculated by Roderick for a Poisson's ratio 
of 0.25 

is increasingly affected by the point-source directivity of Fig. 4.23. The calculated angle of re
fraction is changed and the angles of divergence on each side of the axis are no longer equal 
(see Wiistenberg [1644]). 

In practice is is sufficient to have a simplified model of the beam. Figure (4.24) 
shows the more interesting cases when the edges of the beam give an echo reduc
tion to 50 % or 10 % of the maximum. 

These beam shapes are given in the far-field by the appropriate angle of diver
gence (in Fig. 4.24 the -6-dB, and -20-dB lines respectively). The beam can be re
garded as a search light with an angle of divergence 2y. From Eq. (4.17) we obtain 
the beam width as determined by the radius of the oscillator 
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Fig. 4.24. Beam width of echo sensitivity, measured by the oscillator radius. a for a small ref
lector and -6 dB decrease of the echo relative to an axial position; b for -20 dB. The shape in 
the near-field is based on experimental results 
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According to Fig. 4.24 the -6-dB cone shape can be assumed valid only beyond the 
distance O.8N and the -20-dB cone only after a distance of 1.3N. At the near-field 
end the -6-dB cone has a width B = D14, its quasi-focus. The -20-dB cone at the 
near-field end is also smaller than the oscillator diameter, being approximately 
B = D12. It only reaches the full diameter D at 2.3 N. 

Regarding mathematical treatments of the sound fields see Cavanagh [221], 
Zemanek [1686], Tojoetta [1528] (also concerning annular oscillators), Archer-Hall 
[79,80]. 

4.5 Sound Fields of Non-circular Piston Oscillators 

For many applications rectangular or square oscillators are in use. We consider 
rectangular shapes with the larger side D j = 2a and the smaller one Dz = 2b 
(Fig. 4.25). 

In the near-field the isobars are of course no longer circular this shape develop
ing only at large distances. The sound-field structure depends on the ratios Dj I A 
and Dz I A and for a general treatment of rectangular radiators it is useful to normal
ize the distance z in terms of the quasi near-field length Di 14A and the transverse 
dimensions in terms of Dj • This normalization is also used in Fig.4.25 (see also 
[475, 38]). 

The pressure-distance curves depend on the ratio of the two sides. Figure 4.16 
shows the isobars in the longitudinal section of a square oscillator whereas 
Fig. 4.26 represents a more generalized display of the pressure-distance curves for 
several rectangular radiators with ratios D j I Dz varying between one and five times. 
In the far-field the pressure is reduced in inverse proportion to the distance. There 
is still a maximum of the sound pressure in the region of the quasi-near-field length 
Di 14A, but it is an absolute maximum only for approximately square oscillators. 

Table 4.3. Values offactor h for the cal
culation of the near-field length of rec
tangular piston oscillators 

ratio of the sides h 
b/a 

1.0 1.37 
0.9 1.25 
0.8 1.15 
0.7 1.09 
0.6 1.04 
Q5 1~1 

0.4 1.00 
0.3 0.99 
0.2 0.99 
0.1 0.99 



4.5 Sound Fields of Non-circular Piston Oscillators 77 

25,-------------~====~s_-----------

20 

1.5 

1.0 

-1.0 

-1.5 

-2.0 

-2.5~===========~===~ 2.5r-

_25.L-__ L-__ L-__ L-__ L-__ L-__ L-__ L-__ L-__ L-~ 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 ZO 2.5 
I---a .J. a----l 

Fig. 4.25. Isobar presentation of the sound field (free-field) calculated for a rectangular oscil
lator with h/a = 0.6. a Section at the distance z = 0.8a 2/1; b at z = 3.2a 2/1 
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A simple formula for the calculation of the axial sound pressure, as in Eqs. (4.9) 
and (4.14), does not exist and Fig. 4.26 has been calculated by numerical intefra
tion [1341]. For rectangular oscillators driven by pulses see [441]. 

If one defines as near-field length the distance of the last maximum on the axis, 
Eq. (4.2) is still valid for rectangular oscillators using the values of Table 4.3 

N= h (D 2 /4A) = h (a 2 /A). (4.19) 

The directivity of a rectangular oscillator is no longer circularly symmetrical. In a 
similar way to Eq. (4.14) we have 

( sin Xl) (sin
x2

X2 ) 
P=Po ~ 

with Xl = rr(D11 A) sin Yl , 

X2 =rr(D2 /A) sinY2 

6,------------,-----,-------------,,-, 
dB 

0.2 0.3 0/. 0.5 0.7 1.0 2 3 4 5 
z/../a l _ 

(4.21) 

Fig.4.26. Sound pressure on the axis of several rectangular oscillators with sides ratio bl a 
(calculated from [1341]) 

Fi~.4.27. Three-dimensional view of the directional characteristic of a rectangular radiator 
(without secondary lobes), ratio of sides 2: 1, Dl I A"" 4, D2/ A "" 2 
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Table 4.4. 

Free-field k. Echo field 

IX LldB IX LldB 

0.84 -1.5 0.32 0.71 -3,0 
0.71 -3.0 0.44 0.50 -6.0 
0.50 -6.0 0.60 0.25 -12.0 
0.32 -10.0 0.74 0.10 -20.0 
0.25 -12.0 0.79 0.06 -24.0 
0.10 -20.0 0.91 0.09 -40.0 
0.00 -00 1.00 0.00 -00 

using the two independent angles of divergence YI and Y2. Figure 4.27 illustrates the 
basic beam shape without side lobes. The larger side has the better directivity, that 
is the smaller divergence angle. The section through the beam in the far-field is 
therefore an ellipse with the larger axis parallel to the shorter side of the oscillator. 
To calculate the angles of divergence and the beam widths of rectangular oscillators 
one uses Eqs. (4.16) and (4.17) as for circular oscillators, but using the factors k" 

from Table 4.4 

bl = z tan YI "" z sin YI = Zk,,(A/ Dd , 

b2 = z tan Y2 "" z sin Y2 = Zk,,(A/ D2) • 
(4.22) 

For a complete mathematical treatment of rectangular oscillators see [475, 1156] 
and for experimental measurement of the near-field length see [1336, 1342]. A pis
ton oscillator of arbitrary shape is calculated in [1503]. For sound fields of elec
tromagnetic oscillators see (Section 8.4 and [764, 1172]. 

4.6 Sound Fields at Boundaries and with Mode Changing 

If a sound field penetrates the boundary between two different materials it is of 
practical interest to know how the near-and far-fields behave. For example in the 
so-called immersion testing, the sound is first transmitted through a liquid before it 
enters the specimen. Figure 4.28 shows what happens at an interface without any 
mode changing. The sections of the beam in each material are modified in inverse 
proportion to the respective velocities of sound. The sound field in steel is short
ened by a factor 4, because CSlee/ Cwaler = 4. 

An important point should be noted regarding equivalent distances in the two 
media. Distances having equal transit time are directly proportional to the sound ve
locities 

(4.23) 
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Fig. 4.28. Sound field at an interface without mode changing. a Field in water only, simplified; 
b interface water/steel in the far-field, perpendicular incidence; c oblique incidence 
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Fig. 4.29. Directivities of angle probes used on steel, measured by [1648]. a Nominal angle of 
refraction 60°; b nominal angle of refraction 70° 

but measured in terms of near-field length they are in inverse proportion to the ve
locities: 

(4.24) 

because 

Therefore distances with equivalent transit times are related to distances equivalent 
in the sound field in proportion to the squares of the velocities: 

(4.25) 

If there is a mode change on refraction, for example longitudinal to transverse at a 
liquid/solid interface (cf. Sections 2.3 and 2.4), the sound-field characteristics in 
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Fig. 4.30. Isobars in a section through the 
beam of Fig. 4.29a. a Measured; b calcu
lated by [1648] 

the solid material are governed by the transverse velocity. However, since a beam 
may be considered as being composed of a series of plane waves of different inci
dent angles depending of the width of the beam, the complicated laws of refraction 
of Section 2.4 have to be applied with the consequence that the refracted beam is 
no longer symmetrical to the axis of maximum amplitude (Figs. 4.29 and 4.30). 

For calculations of the sound field of angle probes used on plane interfaces see 
[1666, 1621, 564]; on curved interfaces [1550]; and with electromagnetic excitation 
see [120]. 

For guided waves the sound fields are similar to those of free waves, keeping in 
mind that they consist fundamentally of combinations of the two basic wave types. 

4.7 Focussed Sound Fields 

By focussing a sound beam we can achieve a higher sensitivity and resolution. 
Usually we understand by the term "focus" a concentration of the beam to a size 
less than the diameter of the oscillator. In Section 4.4 we have seen already that a 
circular flat-disc oscillator has a quasi-focus at the end of the near-field, this being 
a natural one produced by diffraction phenomena. Section 3.4 showed additional 
means such as curved mirrors and lenses which are able to focus a beam and it is 
when such devices are used that the term "focussing" is normally used. However, 
even with "non-focussed" fields the diffraction effects produce an effective concen
tration of sensitivity and because of the relatively large wavelengths used for testing 
materials both effects play their focussing role. 

We consider the field of a spherically curved circular disc oscillator. Accord
ing to [1144] the axial pressure is given by the formula: 

P=Po 1~ z ISin[~ (~(Z-h)2+ ~2 -z)]1 
r (4.26) 

where 
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Fig. 4.31. Echo height of a point reflector on the 
axis of a curved radiator 

and r is the radius of curvature of the oscillator. The first hyperbolic factor in 
brackets represents the influence of the geometry, and the second one represents 
the diffraction, depending on D and A. 

Figure 4.31 shows the echo of a point reflector in the focussed field of 
Eq. (4.26), with D = 10 mm, r = 33 mm, A = 0.5 mm. 

The position of the maximum sound pressure, or the focus (arrowed), is not at 
the distance r, as expected from the geometric conditions where it would have an 
infinite value (as indicated in Fig.4.31). The finite value of p can be calculated 
from Eq. (4.26) by iterative methods only. 

The ratio of the focal distance to the near-field length of the unfocussed radia
tor zrl N is called K, the focus factor, and it is always less than 1, 

Le. K = zflN (4.27) 

Its value as a function of the normalized radius of curvature is shown in Fig. 4.32. 
For small values of r (Le. strong curvature) the curve follows approximately the law 
Zf = r, which means that the geometrical focussing effect is the main one, but for 
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Fig. 4.32. Focus factor K as function of the radius of curva
ture of the oscillator (normalized by the near-field length) 

10 calculated from Eq. (4.26) for DI A = 20, but still valid for 
DI A = 10, as long as rl N > 0.2 



4.7 Focussed Sound Fields 83 

larger radii it approaches unity asymptotically. The focal distance can never be 
made larger than the near-field length. 

The focus factor K also determines the concentration of the beam by the rela
tionship 

B=KBoo (4.28) 

where Boo is equal to the beam diameter characteristic of the plane radiator at the 
end of the near-field, see [1343, 1345]. 

If K is greater than 0.6 the degree of focussing may be considered small, and 
less than 0.3 as strong. 

The smallest possible radius of curvature is rmin = DI2, because then the radia
tor is a complete hemisphere. For D/l = 20 as assumed in Fig.4.32, we obtain 
therefore rmin = O.IN (see also [1343]). 

The sound-field dimensions of a section perpendicular to the axis can only be 
formulated at the focus. As with the plane radiator it is given by a Bessel function: 

P = Pmaxl2Jf) I (4.29) 

where 
X=rrDq/lzr 

and q is the distance from the axis. Zr and Pmax have to be calculated from formula 
(4.26). 

A plane radiator focussed by an added lens is a design usually used within a li
quid and since the sound velocity of the lens material is higher than of the liquid 
the lens must be plano-concave, with the concave surface having a radius r. 

The sound field in this case is similar to that of a concave radiator. The axial 
pressure according to [1332 and 1349] is given by the relationships 

P = Po 1 _2 ~ sin [~ (~(Z -h)2 + ~2 - (Z - ~: h))] 
Zo 

where (4.30) 

h = r- ~r2- D2 
4 ' 

and the velocities Cl and C2 are those corresponding to the lens and the liquid re
spectively. 

Figure 4.33 gives the curve for the case D = 10 rom, r = 33 rom, 1 = 0.5 rom, the 
same values as in Fig. 4.31. 

The focal distance is somewhat greater than that in Fig. 4.31. A lens has not the 
same focussing effect as a curved radiator with the same radius, but the focal distance 
is much shorter than the geometrically calculated one Z = r/(1 - C2/Cl) in accord
ance with Eq. (3.6). 

The sound-pressure distribution across the axis at the focus is also given by 
Eq. (4.29), but now the focal distance and the sound-pressure maximum have to be 
calculated by Eq. (4.30). 
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Fig. 4.34. Echo height of a point reflector at the focus of a 
circular-disc radiator, relative to the average value in 
front of a plane radiator as function of the focussing fac-

0.2 0.1, 0.6 O.B 1.0 tor K, calculated for D/ A = 20, but also still valid for 
K- D/A= 10 as long as K>0.2 

Example. A plane radiator of diameter D = 10 mm, A = 0.5 mm, (N = 50 mm) is to have its 
natural sensitivity improved by spherical shaping. The spherical radius must be evaluated for 
a reduction of focal distance to 25 mm. At this distance K = 0.5 and according to Fig. 4.34 the 
sensitivity improvement is 30 dB. The corresponding radius of curvature must be calculated 
from Eq. (4.26) by iterative approximation, (by using a computer) the result being r'" 33 mm, 
which value is also used in Fig. 4.31. 

The sensitivity improvement of 30 dB is compared with the echo height immediately in 
front of the plane radiator so that compared to the natural focus distance (N) where the pres
sure is 2po (i.e. an echo 12 dB greater than Po), we have a nett gain therefore of 
30 - 12 = 18 dB which means an echo-height increase of 8 x. 

The sensitivity of the plane radiator can be improved more simply by using a piano-con
cave lens of radius 33 mm as a focussing device. Equation (4.30) has been plotted in Fig. 4.33 
for this lens curvature and from it the new focal distance f is 35 mm, with a corresponding K 
value of 35/50=0.7. For these conditions Fig. 4.34 indicates a gain figure of 22 dB, the nett in
crease being only 22 - 12 = 10 dB, an echo improvement, by this method, of only 3 x. Regard
ing the full theory of focussed circular radiators see [1332, 1337, 1339]. 
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Fig.4.35. Isobars relating to an axial section. a for a plane circular non-focussed radiator; 
b for the same but with spherical curvature giving K = 0.6, cf. [222] 

The whole sound field of a focussed oscillator compared with a non-focussed 
one of equal diameter is shown in Fig. 4.35. 

To summarize, the following general rules should be kept in mind: 

By geometrical means a plane radiator can be focussed only to distances shorter 
than its near-field length; 
The complete near-field of the plane radiator is effectively compressed by the 
focussing into the space between the radiator and the new focus; 
The far-field is also compressed into a range lying nearer to the new focus; 
In the far-field range, beyond the focus, there may also appear some new zones 
of interference as in the near-field; 
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Fig.4.36. Focussing techniques. a Spherically curved radiator; b plane radiator with plane
concave lens; c plane radiator with hollow mirror; d plane radiator with phase plate 
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Fig.4.37. Focussing radiator with cone-shaped lens [1149], K"" 0.3, smallest beam width 
2.3 mm, angle of divergence 1.8° measured in steel 

The smallest beam width which can be achieved by focussing depends on the 
ratio DI A. For equal size radiators therefore the focussed beam width is propor
tional to the wavelength. 

Figure 4.36 and 4.37 show some possibilities offocussing the field ofpiezo-elec
tric circular radiators. The examples in Fig. 4.36 are mainly designed for immersion 
testing, but may be used also for contact in combination with special adapators. 
That in Fig. 4.3 7 may be used for both methods the lens having a conical shape. By 
this method the focus is less sharp but has a longer axial range (see also Sec
tion lOA). This lens is made from a combination of aluminium and Perspex, but it 
may also be of a combination of two plastics, for example polystyrene and Perspex. 

The principle of the "axicon" has also been used, that is a combination of annu
lar oscillators of a conical shape combined with a concentric conical mirror, cf. 
[1099]. 
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Focussing of a beam may also be needed in only one plane through the axis so 
that the radiator may then have a concave cylindrical shape or may be focussed by 
a cylindrical lens. In both these cases it is preferable to use rectangular radiators cf. 
[696]. 

For information regarding focussed ultrasonic fields se also [1332, 574, 130, 1182, 936, 
1580]. For Schlieren optical photographic pictures see [470]. For the transformation of the cir
cular-disc field see [1332, 222, 362, 673]. For more examples of the design of focussed ultra
sonic probes for the testing of materials see [1343, 1345, 1349]. See further [1343, 417, 1663, 
1279], for focussing in one plane only [696]. 

4.8* Sound Fields with Pulse Excitation 
and Non-uniform Excitation of the Oscillator 

We have already seen that there are considerable differences in the sound fields 
generated by long oscillations or by pulses. Figure 4.38 shows short pulses originat
ing from different points of a radiator and these may be unable to interfere at the 
observation point. 

Even if two pulses overlap each other with a path difference of one half-wave
length (Fig. 4.39) they are not cancelled completely and hence the sound fields of 

a 

b 

\ 
\ 

\ 
\ 

/0. 
Fig.4.38. Short pulses may be unable to interfere 

I 
I I I I . 
t/"""',. t/"""',. , Q ./"""'\ Fig. 4.39. Short pulses cannot completely 

cancel each other even with a half-wave
length transit path difference 
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Fig. 4.40. Sound pressure on the axis of a plane circular-disc radiator excited by different 
pulse shapes [1424] 

pulsed radiators have many less fluctuations than have been described above. There 
are no real zero points and the maxima are smaller. 

Figure 4.40 shows, for example, the sound pressure on the axis corresponding to 
different pulse lengths. In the near-field the differences are substantial but not in 
the far-field. As well as the changes on the axis for very short pulses the maxima 
and minima off the axis, as well the side lobes in the directivity diagram, also dis
appear. Some focussing methods are also influenced if they depend on wave inter
ference. Even when focussing is carried out with curved radiators, when the single 
wavelets at the focus point are added up without transit time differences, the field 
away from the focus is changed appreciably (cf. Fig. 4.41). 
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20 -10 -6 -Jd8 

Fig. 4.41. Sound field of a focussed radiator of DI A. = 20 according to [1611]. a continuous ex
citation; b excitation by a pulse of two oscillations only 

The following general rules should be kept in mind: 

The pulse length does not affect the far-field and the main lobe very much; 
Only pulses of less than six oscillations have a substantial influence on the 
sound field; 
When there is appreciable material absorption, which is usually greater for 
higher frequencies, we get pulse prolongation especially at longer transit paths; 
When using focussing lenses unwanted pulse distortion may also take place. 

See further the literature [114, 468, 611, 697, 733, 1020, 1462, 1610, 1643,226, 
1274, 1469, 1126, 892, 410, 629, 1598, 162~. 

Up to now we have assumed that the whole surface of the radiator is oscillating 
at the same amplitude, but an oscillator mechanically fixed at its edges will have vi
brations of reduced amplitude at that point. Furthermore even a freely oscillating 
piezo-electric plate excited by an electric field between electrodes on its surfaces, 
also has less excitation at the edges because here the strength of the electric field is 
reduced. If a probe has only partial contact with the specimen, for example on a 
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Fig.4.42. Directivity of an oscillator with Dll = 16, but with contact, or oscillation, reduced 
to an annular zone 

curved surface, or when placed in a concentric position over a hole as in Fig. 4.42, 
the effect on the sound field is the same as that achieved with only partial excit
ation. The side lobes become more pronounced and the pressure on the axis in the 
far-field is reduced in proportion to the reduced excitation area. 

The near-field length of a radiator which is only excited on a portion of its sur
face is not affected so long as the edge is allowed to oscillate at full amplitude as for 
example in Fig. 4.42. If the excitation is reduced progressively from the centre to 
the edge, then the near-field length is reduced and it is necessary to calculate with a 
smaller diameter, viz. the effective diameter of the disc, Deff • 

Non-uniform excitation is often intentionally used for probe design so as to 
smooth out variations in the near-field and maintain the directivity in the far-field. 
To keep the directivity axial all such methods have to be circularly symmetrical. Fi
gure 4.43 shows how the directivity and the axial sound pressure varies if the excit
ation of the disc from the centre to the edge is varied according to different mathe
matical functions. 

The first example is the ~-function, which has the unit value at only one point, 
here in the centre of the plate, at e = O. This represents the well-known point
source, but in practical terms it is not useful at all. The second example is the un
iform excitation over the whole plate, which gives the well-known directivity and 
pressure functions as shown in Figs. 4.19 and 4.21. 

The optimal results are given by the Gauss-function, as shown in Fig. 4.44, 
(curve b), as a comparison with the quasi-uniform excitation with edge effect 
(curve a). The advantage may be seen from the axial pressure curve, which has no 
longer any maxima and minima [850]. 

The Gauss function is given by 

where e is the radius coordinate as in Fig. 4.43 and Ro is a particular radius smaller 
than the physical radius of the disc. The greater the actual radius the better is the 
uniformity of the near-field and the directivity. In practice an increase of 50 % is 
ample. 
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Fig.4.44. Axial sound pressure of a circular-piston oscillator with two different distributions 
of the excitation voltage. Type a) Overall excitation by a uniform electric field but reduced at 
the edge by leaking field lines. This gives a sound pressure curve a with reduced fluctuations. 
Type b) Excitation in the form of a Gauss function applied over a larger diameter R > Ro, 
which completely suppresses variations in the sound pressure b, [852], [620] 
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According to [620] the near-field length has now to be calculated as 

R2 
.. r _ 0 
"Gauss-T· 

Hence Ro is the equivalent radius of the Gauss-oscillator. 
For practical materials testing the Gauss-probe has one disadvantage. Since the 

radius is larger than that of an ordinary probe with the same near-field length and 
far-field sensitivity, the larger contact area required may not be found in all cases. 

After these more theoretical principles some methods for the practical manufac-
ture of probes having non-uniform excitation patterns can be mentioned: 

Some regions of the piezo-electric plate can be depolarized by local heating be
yond the Curie temperature; 
By subdividing the electrode into several portions for each of which the exciting 
voltages are different; 
By using electrodes covering only a part of the surface, for example in form of a 
star. 

In the last case the star-shape can be calculated to give a total circumferential 
dimension at each radial distance corresponding to the reduced voltage compared 
to the center as required by the Gauss-function. The Gauss-oscillator may also im
prove the sound field of focussed probes. Its theory is discussed in full in [444]. 

In addition natural focussing of the field can be improved by appropriate dis
tribution of the exciting voltage. According to [821] the best focussing, without 
using geometrical methods; is obtained by exciting the edge only in the so-called 
annular oscillator. 

As already mentioned the field is always further equalized by using short excit
ation pulses. The shape of the piston oscillator if it deviates from the circular form 
also helps in this respect, for example by using square, rectangular, elliptical or 
even fully irregular shapes. The circular form excited by long pulses is the most un
favourable combination for suppressing the variations in the field. See also [574, 
611, 308, 612, 142~ 252, 44~ 1291, 1602, 705, 70~ 1565, 324, 69~ 152~. 



5 Echo from and Shadow of an Obstacle 
in the Sound Field 

5.1 Reflection of a Plane Wave by a Plane Reflector 

The problems of material testing by ultrasonics can be illustrated qualitatively by 
an optical experiment. 

We can imagine a darkened room having mirror-like walls and to represent de
fects there are suspended objects made from crumpled aluminium foil. An observer 
must find these objects by using a sharply defined search-light beam and must eval
uate their size from any optical reflections received. Reflections from a wall will 
only be seen if the incident angle of the search-light beam produces a reflection di
rected towards the eye of the observer. However, some faint impressions of the walls 
will also be noticed if the mirrors are dusty or of a rough texture. The "defects" 
show themselves by the many individual and faint reflections from those small 
areas of the foil which are just orientated correctly for a good reflection. These will, 
however, change very quickly according to the geometrical positions of both the 
search-light and the eye. A suspended small plane mirror will be visible only very 
rarely if by accident it has the right position, and in this case it will give a rather 
strong reflection. In other positions, however, the observer may receive only faint 
scattered indications from its edges. 

This illustrative comparison is of course never fully satisfactory because of the 
large difference between the wavelengths. Nevertheless it does show the difficulties 
and illustrates that we have to make use of two different types of reflection, the 
rather rare mirror-like reflection and the indications caused by scattering or diffrac
tion. 

We can understand the mathematical method of calculating a reflection with 
the aid of the Huygens' wavelets (Fig. 5.1). The excitation of a small surface ele-

Transmitter 

Fig. 5.1. Adding up Huygens' wavelets on the 
surface of the reflector and the receiver 
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ment of the reflector is the sum of the effects of all incident wavelets originating 
from all points of the transmitter and in the ultrasonics case they have to be added 
up taking account of both amplitude and phase. 

If we have thus calculated the excitation of all surface elements of the reflector, 
we must then do the same for all the surface elements of the receiver which is being 
excited by the wavelets received from the reflector. 

If we consider a piezo-electric receiver (see Section 7), we know that the re
ceived sound pressure generates a proportional electric charge and therefore to ob
tain the total echo charge, we must add up all the individual charges of the surface 
elements again taking into account both amplitude and phase. The resulting charge 
is proportional to the average of the sound pressure received. 

In mathematical language this means that the echo voltage is proportional to 
the triple integral of the wavelet aeiq> (amplitude and phase) over all area elements ds 
of the transmitter T, the reflector R, and the receiver E 

J J J aeitpds. 
T R E 

This integral can of course only be solved if all three surfaces can be described 
by mathematical formulae and cannot be evaluated for the random shape of the re
flector. Furthermore it would only be correct if no mode changing has taken place 
and therefore is only true for longitudinal waves in liquids and gases. 

In simple cases one may use graphical methods as in Section 4.2. In a very sim
ple case, however, (Fig. 5.2) we can see the result immediately. The obstacle is a to
tally reflecting plane disc situated in the path of a much larger plane wave produced 
by a large plane transmitter. The surface areas can be identified as SR and ST respec
tively. When the transmitted beam strikes the reflector perpendicularly it also emits 
a plane wave which returns perpendicularly to the transmitter. Because all surface 
points of the obstacle lie on the same wave front they have the same phase and 
therefore we can add the amplitudes only, without regard to the phase. The re
flected wave is therefore identical to the wave emitted from a piston oscillator of 
the same size and shape so that we may consider the reflector as a secondary oscil
lator. 

For a circular disc-shaped reflector we know the properties of its sound field 
from Section 4.1, with the near-field according to Eq. (4.2) and the directivity as 
shown in Fig.4.1S a. 

In practice the transmitter usually also acts as a receiver when we use pulse ex
citation. After having sent out the transmitted pulse it receives the echo, after a de-
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Fig. S.2. Plane reflector in a plane wave 
(a) and the reflected plane wave shown 
separately (b) 
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lay corresponding to the transit time for the pulse to travel to the reflector and back, 
and we wish to know the amplitude of the echo received. In Section 7.2 we will see 
that the voltage generated by a perpendicularly incident plane wave is proportional 
to its sound-pressure amplitude and to that part of the surface of the receiver struck 
by the wave. If as in Fig. 5.2 a the wave is reflected by a very large wall, the whole 
emitted wave is returned without loss, and we can call the corresponding echo 
height Ho. The limited reflector in Fig.5.2b receives only a part of the wave and 
generates smaller echo voltage Hr and we can see that both echoes are in the propor
tions of their areas 

(5.1) 

The echo Ho is an important reference echo, of which we will frequently make 
use, and in practice it is generated as the back-wall echo of a plane parallel-sided 
and smooth plate made of the same material as the specimen in which defect 
echoes are to be evaluated. 

The area of the transmitter ST in Eq. (5.1) is known and if we can measure the 
ratio of a reflected echo to the reference echo (usually by way of the signal ampli
tudes on a cathode-ray tube), we can find the reflector area SR from this equation. 
This is the solution of our task. 

We may even neglect the condition that transmitter and reflector are of circular 
shape as long as the transmitted waves can still be considered as plane, otherwise 
the size of the reflector is under-estimated. Amendments to the method for non
planar waves, for larger distances and for small reflectors follow below (Section 5.3). 

At this point we will consider a non-parallel position of the reflector, but with
out considering any mode change, or the edge waves as described in Section 2.6. In 
Fig. 5.3 the leading wave front (1) has just reached the distant edge of a plane 
reflector lying in an oblique position. The corresponding Huygens' wavelet is just 
being generated and together with the wavelets generated earlier a new wave front is 
built up and forms the reflected plane wave. Of course no echo signal is produced if 
the reflected wave fails to strike the transmitter/receiver but in Fig. 5.4 it does reach 
the receiver and it is often erroneously assumed that an echo can therefore be ex
pected. However, because the surface elements of the receiver are excited at differ-

~ I 

Fig. 5.3. Obliquely reflected wave constructed from the Huygens' wavelets 
Fig.S.4. An obliquely incident reflected wave, because of destructive interference in the 
piezo-electric partial voltages, generates no echo from which the reflector size can be evalu
ated 
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ent phase angles in consequence of the varying transit paths of the wavelets the gen
erated voltages cancel each other and no echo is received except for any diffracted 
echoes from the edges of the reflector. 

In the case of Fig. 5.4 when using short pulses the partial voltages do not cancel 
each other completely and therefore some sort of echo is obtained in spite of the 
oblique orientation. However, it is not possible to use this and the edgewave 
echoes, to evaluate the size of the reflector in the simple way described above. 

A way of solving this problem could be to divide the receiver into separated ele
ments, the voltages of which would be added up after applying artificial phase 
shifts. The directivity of such a "phased array" (see Section 10.4) can be altered by 
appropriate regular phase shifting so that obliquely incident echoes could also be 
received efficiently. For other means to make the receiver insensitive to unwanted 
phase differences see [654]. 

5.2 Echo of a Reflector, DGS Diagram 

The solution of our problem of assessing the area of a reflector from measurement 
of its echo was straight-foward in the case of the geometry in Fig. 5.2, because both 
amplitude and phase were constant on the surfaces of transmitter, reflector and re
ceiver. We have approximately the same conditions when there is a large distance 
between transmitter and reflector as long as they are both planar. Figure 5.5 shows 
the sound-pressure distribution on the common axis of transmitter/receiver and ref
lector. 

The upper curve is already known to us from Fig.4.19, but smoothed out as in 
Fig.4.44a. At the arbitrarily chosen distance of three near-field lengths (3NJ the 
reflector acts as a secondary radiator with its own near-field length Nr • Strictly 
speaking the sound-pressure curve for the transmitter is only valid on the axis, but 
at large distances it can also be assumed to be almost uniform over the area of a 
small reflector. So in this case the reflector also acts as a piston oscillator and we 
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Fig. 5.5. Sound pressure on axis (schematic) for the incident wave (top) and the wave reflected 
from a reflector in form a circular disc (bottom) 
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can assume that its axial sound pressure is represented by the lower curve, but tra
velling from right to left. 

For the receiver we may also assume the amplitude and phase of the reflected 
wave is approximately constant over its surface because of the small path differ
ences which apply between its centre and edge for the large distances between it 
and the transmitter/receiver. 

We can now calculate the reflector area, or its diameter Dr. According to 
Eq. (4.13) we know that the sound pressure of the transmitter on the axis is 

nD: 
Pt = Po 4AZt (5.2) 

and it is also approximately the initial sound pressure on the reflector radiator, POr. 
Thus the resulting sound pressure over the whole area of the transmitter/receiver 
will be 

(5.3) 

where the distances Zt and Zr are equal and are called z. 
The initial sound pressure Po of the transmitter can be measured as in Fig. 5.2 

with a very large reflector, for example from the back wall of a flat plate, and if we 
measure the height of this reference echo, as well as the echo of our defect-reflec
tor, (in mm) from the cathode-ray tube screen, we obtain 

H/Ho = Pr/PO 

From this relationship and Eq. (5.3) we can find the reflector diameter as: 

4AZ ~ 
Dr=-D -vH/Ho n t 

or by introducing the transmitter near-field length N = DU4A 

(5.4) 

This final relationship is the solution we seek since the diameter and near field 
length of the transmitter, as well as the distance z of the reflector, are all known. 

As already mentioned the reference echo height Ho is measured as the back-wall 
echo from a flat plate, having a thickness which is small compared with the near
field length. The back-wall echo must of course not be affected by any defects and 
the surface quality of the reference plate must closely correspond to that of the sur
face of the test specimen, so avoiding coupling differences. If the material under 
test attenuates the ultrasound its attenuation factor (cf. Chapter 6) must be mea
sured and can be taken into account by calculation. 

Having found the solution for a small reflector at a short distance (Eq. 5.1) as 
well as for a small reflector at a large distance (Eq.5.4) by referring the reflected 
echoes to the reference echo of a thin plate, it is easy to determine the solution for 
a large reflector at a large distance such as the back-wall echo for a plane parallel 
specimen. 
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According to Eq. (4.13) at a large distance from any source the sound field is 
equivalent to that from a point source and closely approximate to the spherical 
wave form, so that its amplitude diminishes inversely with distance. If the beam 
falls perpendicularly onto a large plane reflector at a distance ZR it is specularly re
flected so that the transmitter/receiver acts as a receiver in its own original sound 
field at a distance 2zR • It receives therefore the sound pressure 

rrN 
PR = Po 2ZR 

on the axis and assuming as before that the central sound pressure is valid for the 
whole area of the receiver, we obtain 

HR rrN 
Ho = 2ZR • 

(5.5) 

It must be stressed that the reflection from a small reflector is fundamentally 
different from that of a large reflector, the latter being a mirror-like process whereas 
the small reflector behaves in accordance with the rules of wave physics. This is to 
be seen most clearly from the different distance laws for the sound pressures in 
which the back-wall echo diminishes inversely with distance and the defect echo 
with the square of the distance. 

When using Eq. (5.5) we may incidentally use the specimen back-wall echo 
rather than that from a reference plate, but in practice this method is attractive only 
if the test specimen includes a region without any disturbing flaws and has a large 
plane back-wall. 
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Fig. 5.6. Relation between the distance of a reflector D (measured in terms of the near-field 
length); relative height of the echo HI Ho (left-hand scale) or gain G in dB (right-hand scale); 
and the size of a reflector S (expressed as a fraction of the diameter of the transmitter Dt). 
(DGS diagram for the far-field) 
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Up to now we have dealt with situations where extreme conditions for the re
flector size and distance apply. The intermediate regions for both size and distance 
can only be calculated by using higher mathematics. However, for all practical pur
poses it turns out that this region can be covered with relatively small errors by ap
proaching it from each side. This has been done in Figs. 5.6 and 5.7. 

To achieve the most general presentation we can normalize in terms of the ba
sic transmitter characteristics as follows; N = near zone length; Ho = back-wall 
echo: Dt = transmitter diameter and thence: 

~ = distance of reflector D, 

~ = amplifier gain G, 

Dr fl . S 15; = re ector SIze . 

All the normalized values D, G and S are dimensionless quantities and the gain 
G represents the ratio by which the reflector echo has to be amplified to make it 
equal to the reference echo. Introducing D, G and S into the Eqs. (5.4) and (5.5) we 
obtain for the distant field 

1 

a8 

as 
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a3 

8 2 
Gr = 1t ]j2 (small reflector) , 

1 
GR = 1t 2D (back wall) . 
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(5.6) 

Fig.S.7. Complete DOS diagram, as a combination of the theoretical solution for reflectors 
close to the transmitter, Eq. (5.7), scale for S on the left hand; the theoretical solution for 
the far-field as in Fig. 5.6; and experimental measurements made in the sound field between. 
Measurements were made with circular-disc reflectors in water [850, 852) 
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For the reflector very near to the transmitter we obtain according to Eq. (5.1); 

Gr = 82 (for Dr < Dt ) 

and Gr = 1 
(5.7) 

For a graphical representation of these relationships (Fig.5.6) logarithmic 
coordinates are most suited, the gain G being expressed in decibels. 

Figure 5.7 is the so-called general DG8 diagram, where the theoretical solutions 
for the reflector echoes coming from small distances, and large distances respec
tively have been linked by echo measurements as in [850, 852]. We see that, for 
small reflector sizes in the range 8 = 0.1 to 0.3, the experimental echo values fit 
quite well to both theoretical solutions, derived for the extremes of distance. In the 
medium size range, for 8'" 0.5, differences have been larger but again fit very well 
for larger reflector sizes and for the back-wall echo. The differences found in the 
practical tests are towards smaller reflector sizes; that is a reflector or defect in this 
range is usually measured as too small. In practice this means that it is advanta
geous to measure a reflector using lower frequencies and with larger transmitters, 
because then the 8 value will be smaller and the distance D will be further into the 
far-field. This is also preferable since the local fluctuations in the near-field depend 
quite sensitively on the pulse length and the transmitter design. In the intermediate 
range therefore the general DGS diagram can only give approximate results but for 
a particular transmitter design a special DG8 diagram can of course be established 
by experiment. 

We have already seen that the oscillations of the near-field sound pressure more 
or less disappear when using very short pulses and also when the transmitter is ex
cited in a non-uniform manner over its surface. According to Fig. 4.44 b excitation 
using a Gauss function distribution eliminates all fluctuations in the near-field. In 
this case the DGS diagram can be fully calculated and differs from Fig. 5.7 espe
cially in the intermediate range cf. [852]. In this case, however, the reflector diame
ter has to be expressed in terms ofthe effective diameter of the transmitter which is 
2Ro and is thus smaller than the actual physical diameter. 

In practice special DGS diagrams have found more application since they 
are determined for an individual transducer, and give directly size and distance va
lues in milimetres. These are usually available from the transducer manufacturers. 

DGS diagrams have also been established for transverse waves when used with 
so-called angle probes, cf. Chapters 19 and 20. 

The elementary theory of the reflection of a longitudinal wave by an obstacle 
does not take into account that this process in solid materials is always accompan
ied by a partial mode change into transverse waves. In practice when the reflectors 
are large compared with the wavelength the amount of transverse-wave energy is 
very small, but with small reflectors the scattered waves of each type have compar
able amplitudes but quite different directivities, see Fig. 5.8 according to Hammi 
[519]. 

With decreasing diameters the small side lobes disappear for both types, the 
longitudinal echo approaching a spherical shape whereas the transverse wave exhi
bits two distinct side lobes. From the angle of these lobes to the axis the diameter 
of the reflector can be evaluated. 
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a 

Fig. 5.8. Scattered longitudinal (full lines) and transverse (dotted lines) waves from a small 
circular-disc reflector in a longitudinal wave field. a Diameter 2A; b 1; c 112 

The sound pressure of the scattered wave according to [441] is directly propor
tional to the third power of the reflector diameter and inversely to the square of the 
wavelength. Therefore very small reflectors cannot in practice be detected with cer
tainty even by using more sensitivity and higher frequencies. 

For the evaluation of natural defects it is of interest to know how far their shape 
differs from a circular-disc reflector. Some information can be obtained from mea
surements at two different frequencies: Eq. (5.3) gives for the frequencies 11 and 12 
the ratio of the echo amplitudes 

HJIH2 = li/I~ 

for equal reference echoes from the calibration plate. If this relationship turns out 
to be fairly exactly satisfied, we can conclude that the shape of the natural defect 
does not differ too much from a flat disc lying perpendicular to the beam. Also 
when using the DGS diagram a flat disc-like defect should appear to be nearly of 
the same size S for two separate probes differing in frequency and/or size. 

We mentioned above that the intermediate range of the DGS diagram cannot 
be fully calculated by simple mathematics but the full calculation has been done by 
Mundry and Wiistenberg [1086], and in [224]. The exact back-wall echo in this 
range has been calculated by Seki, Granato and Truell [1398] and special DGS dia
grams for normal and angle probes (for both longitudinal and transverse waves) 
have been calculated by Kimura et al [785], see also [S 78]. 

Standard reflector shapes other than circular discs. It is of great interest to know the 
reflection characteristics of those reflector shapes which can be readily made for ex
perimental work in an easy and reproducible manner. examples being spheres, cyl
inders and strips. The following table gives details of the dependence of the echo 
height on the diameter or width, d, the distance z and the wavelength A according 
to [276]. 

Reflector Dimensions at right angles to the beam 
surface 

small/small large/small large/large 

flat circular disc strip back-wall 
d 2/(1 2z 2) d/(13ll Z3/2) lI(lz) 

curved sphere cylinder 
d/(lz2) ..[d/(lZ312) 
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The cylindrical borehole is much favored as a reference reflector because it is 
easily and reproducibly made. Its bore diameter dey! can easily be related to the 
equivalent circular disc diameter ddise by: 

ddise = 0.67 ~A.~dey!Z 
which is valid as long as Z > 0.7N and dey! > 1.5A.. For other reflectors see also 
[S 47]. 

As well as making measurements using such artifical defects with longitudinal 
and transverse wave, Rayleigh and plate wave measurements have been made on 
saw cuts. 

Strictly speaking DOS diagrams may be established for any wave mode and for 
any type of reference defect, but it should be kept in mind that they will never have 
a general validity for all probes regardless of their diameter and frequency, and of 
the distance of the reflector. Only for cylindrical reflectors perpendicular to the 
beam axis can such a normalized generalisation, within certain limits, be made, cf. 
[1346]. For further information on DOS diagrams see [405, 408, 1657, 1525, 856, 
409, 1427, 1692]. 

5.3 Shadow of a Reflector 

The propagation of a wave is not only disturbed by an obstacle in producing a re
flected wave, but also in its shadow. Because we are usually dealing with defects not 
much larger than the wavelength, we have to expect diffraction phenomena in the 
shadow too. 

To calculate the disturbed sound field behind the reflector we can consider the 
following propositions. The shadow field will be built up from the undisturbed ori
ginal field and from interference by a disturbing wave propagating from the rear of 
the reflector. In the case of a flat, circular, thin disc the characteristics of the inter
fering wave are easily recognised because the overall excitation on the rear wall 
must be zero. In this area of full shadow therefore the undisturbed wave and the in
terfering wave must cancel each other completely. Thus the interfering wave must 
have the amplitude of the primary wave over the whole reflector area, but with the 
opposite phase, so that it is in fact the well-known piston oscillator wave of Fig. 4.19 
travelling in the same direction as and coaxial with the primary wave. As examples 
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J : Fig. 5.9. Sound-pressure directivity behind a reflector placed at a 
distance of six near-field lengths (compare with Fig.4.21) 
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Fig. 5.10. Sound-pressure amplitude 
5 10. 20. 50. 100. in the shadow field along the axis of 

a circular disc 

Figs. 5.9 and 5.10 show respectively the resultant sound pressure directivity, and the 
pressure amplitude, along the axis, calculated on the assumption that the primary 
field is a plane wave or in the very distant far-field of a transmitter. 

Both figures show the pressure values as they would be measured by a very 
small microphone but in practice we have to use receivers of larger dimensions 
which average out the pressure values. The final receiver voltage depends therefore 
on many parameters and the shadow method can only be used for defect sizing with 
great reservation. 

If it is not possible to work with a plane wave, or in the very distant field of a 
transmitter, the distances and diameters of transmitter and receiver have also to be 
taken into account thus preventing the establishment of a diagram of general valid
ity, as the DGS diagram is for echo sounding. It is already clear from Figs. 5.9 and 
5.10 that the pressure amplitude in the shadow region may be higher than the un
disturbed value, as a result of wave physics. The practical application of the sound
transmission method, which was the first one used for defect detection and evalua
tion, can therefore only be recommended for defects large compared with the 
distances and diameters of the transmitter and receiver. 

Figure 5.11 shows measured values in water for the special case in which the 
disturbed wave is reflected back to the transmitter by a back-wall, so being dis
turbed a second time on the return journey. 

The main handicap in using this method for evaluating defect size is the fact 
that the position of the defect must be known to apply it so that echo sounding is 
much more advantageous. 

Distance 

Fig. 5.11. Decrease of the back-wall echo by obsta
cles of circular-disc shape in water as function of 
the position between transmitter and back wall at 
the distance of ten near-field lengths 
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5.4 Circular-Disc Reflectors in Oblique Positions 
and Natural Defects 

According to Fig. 5.12 the directions of both the echo and the shadow wave of an 
obliquely oriented reflector are determined by applying Huygens' principle. This 
shows a wave front of the incident plane wave which has just reached the more dis
tant edge of the circular disc. Elementary spherical waves have radiated from both 
the front and the back of the disc forming the echo wave and the shadow wave, re
spectively. It is clear that the shadow wave must have the same direction as the in
cident wave, while in the case of the echo wave, as in geometric optics, the angle of 
reflection equals the angle of incidence. 

At moderately oblique orientations of the flaw, the form of both waves does not 
differ greatly from that produced by a flaw orientated at right angles. In Fig. 5.13 
both waves have been calculated for their directivities in an elementary manner, 
that is without consideration of mode changes or edge waves. We know that an ex
clusive longitudinal reflected wave appears only at very small incident angles, but 
the shadow wave is always of the same type as the incident one. For larger angles of 
incidence, besides the longitudinal reflected wave we also obtain a transverse wave 
at its own angle (cf. Fig. 2.7) with a sharper directivity in accordance with its shorter 
wavelength. 

Incident 

plane wave 

Circular disc 
flaw 

/' 

/' 
/' 

Shadow wave 

Fig. S.12. Directions of echo wave and shadow wave 
of an obliquely oriented flaw plotted according to 
Huygens' principle 

Fig. S.13. Echo wave and shadow wave 
of an obliquely oriented circular-disc 
flaw; directivities of sound pressure cal
culated for DI;t = 4 
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Figure 5.13 has been calculated for a reflector diameter of four wavelengths so 
that in this case we only receive at the transmitter radiation from the faint side 
lobes which is in practice blurred and partially hidden by the edge waves. It is 
therefore just possible to receive an indication of a reflector in this way but no indi
cation of its size. 

If the geometry of the specimen allows one can, in this difficult case, consider 
the influence of the reflector on the back-wall echo but with all the reservations 
dealt with in Section 5.3. 

To be able to evaluate the size of a reflector lying in an unknown position and orientation 
one would have to use a separate receiver and to vary little by little the positions and directiv
ity angles of both probes until the maximum reflected signal was received. To do this manu
ally would be extremely tedious and difficult, even by an immersion technique. It would per
haps be feasible by using a computer-aided mechanical scanning device. 

By using the usual scanning technique, with one transmitter/receiver probe applied at 
normal incidence one can obtain the best echo possible, but from this it will not be possible to 
evaluate either the size or the position with accuracy. For the position it is necessary that the 
directivity axes of both the probe and the reflector coincide. By using a probe with a higher 
frequency, and hence with a sharper directivity, one can at least try to bring the axes into 
somewhat better coincidence and from this fact arises the usual recommendation to use lower 
frequencies in the rapid scanning for defects and subsequently higher ones for localizing 
them. However, for applying the DGS technique one should keep in mind that the result ob
tained with a lower frequency probe is likely to be nearer the true size. 

In some cases the position of a defect and the geometry of the specimen allow 
the use of special techniques such as those illustrated in Fig. 5.14. For these so
called pitch and catch techniques, when using obliquely incident transverse waves, 
DGS diagrams have also been established [1350]. 

In practice, the oblique position of such a flaw does not affect the echo wave as 
adversely as it might be expected for the following reasons. 

Firstly, in the case of short pulses, the secondary lobe region is blurred, giving a 
more or less even decrease of the sound pressure with the angle. 

Secondly, in the case of flaws which are no longer large compared with the 
wavelength, the angular distributions of the echo wave and the shadow wave can no 

a R 

b 

T 

Fig. 5.14. Detection of flaws by oblique transverse waves 
with separate transmitting and receiving probes. Method 
b is called a tandem or pitch and catch technique 
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longer be given separately as in Fig. 5.13 but they merge to form a connected, scat
tered wave. With decreasing ratio of diameter to wavelength this scattered wave be
comes more nearly spherical in form (cf. Fig. 5.8) so that finally for small flaws, the 
influence of the oblique orientation disappears altogether but it should be remem
bered that the sound pressure also becomes very small and high sensitivities are re
quired to detect them. 

For oblique reflectors the edge waves produced are very important since they 
give, at least, an indication of a defect (Section 2.7). Their amplitude depends on 
the sharpness of the edges and the angular directivity of the scattered waves. A 
rounded reflector is much less favorable than one with a sharp edge profile. Of 
course a transmitter/receiver can only receive waves of the same type as it transmits 
but there are techniques which use a different type of receiver probe to pick up the 
scattered wave of the other type (~ technique: see Section 19.3). 

With a regular shaped oblique reflector, such as a disc or a strip, the edge waves 
scattered from the nearer and the further edges, as seen from the probe, have differ
ent transit times and this allows an evaluation of the width or diameter especially 
when using very short pulses. The amplitude of the edge waves received depend on 
the length of the edge from which the Huygens' wavelets can combine at the re
ceiver without large phase differences. A reflector with very irregular edges will 
rarely give useful edge-wave echoes (see Section 19.3). 

Natural-defect reflectors differ in several ways from the artificial reflectors used 
in the theoretical considerations above. Their shapes are not regular nor are their 
surfaces smooth and plane. Therefore when considering natural defects it is usually 
not possible to differentiate between the specularly reflected and the scattered 
waves and they always mutually interfere. This fact explains the fluctuations of echo 
amplitude arising from small variations of the probe position. 

Natural defects are sometimes semi-transparent to ultrasound but it appears to 
happen in steel less frequently than in aluminium because of the differing proper
ties of the oxides usually associated with cracks. If cracks are air filled they may 
also be so tight, for example by external pressure, to become partially transparent 
to ultrasound. 

Wavy surfaces militate against the generation of a strong specular reflection, 
but surface roughness adversely affects the reflectivity only if it is greater than 
about one tenth of a wavelength. 

Reflection of a wave may also be adversely affected if the mechanical properties 
of the material of the defect, along with any inclusions it may contain, varies only 
gradually and not at a sharp boundary (i.e. compared to the wavelength). Porosity 
in castings may also act like such a strong absorber and it may be detected only by 
its shadowing effect on the back-wall echo. 

Regularly uneven surfaces, as for example with milling grooves deeper than a 
quarter wavelength, may generate strong sideways reflections in the same way as an 
optical grating behaves. Because this interference phenomenon depends on the 
pulse length, using a shorter pulse may help to avoid this effect. See also [1654 and 
276}. 

The main task of this chapter has been to evaluate the characteristics of an ob
stacle from its interference with the sound field, but it cannot be considered as 
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completed in a general sense. However, the reverse task of calculating the disturbed 
sound field produced by a given obstacle and including its echo received by a 
probe, can be solved to a certain extent by the finite-element method, if the obsta
cles shape can be expressed analytically. Up to now only two-dimensional fields, 
i.e. cross sections through three-dimensional sound fields have been treated 
(cf. [S 100] and Fig. 4.14). However, by using quick computers the whole field will in 
future be calculated within reasonable time. Of course in this calculation the com
prehensive theory of sound has to be applied, including all wave types and mode 
changes. Solutions of the above mentioned main task can be expected for reflectors 
of a relatively simple shape. 



6 Attenuation of Ultrasonic Waves in Solids 

6.1 Absorption and Scattering 

So far, ideal materials have been assumed in which the sound pressure is reduced 
only by virtue of the spreading of the wave. A plane wave would thus show no re
duction whatever of the sound pressure along its path, and a spherical wave, or the 
sound beam of a probe in its far-field, would merely decrease inversely with the dis
tance from the source. Natural materials, however, all produce a more or less pro
nounced effect which further weakens the sound. This results from two basic 
causes, viz. scattering, and true absorption, which are both combined in the term 
attenuation (sometimes also called extinction). 

The scattering results from the fact that the material is not strictly homogene
ous. It contains boundaries at which the acoustic impedance changes abruptly be
cause two materials of different density or sound velocity meet at these interfaces. 
Such inhomogeneities may either be foreign inclusions, or gas pores. They may be 
genuine flaws of the material concerned, or also natural or intentional flaws such as 
porosity in sintered materials. There are also materials which by their nature are in
homogeneous, for example cast iron, in which an agglomeration of elastically com
pletely different ferrite and graphite grains occurs. In other alloyed materials crys
tallites of different structure and composition are mixed, as in brass and steel. Even 
when only a single type of crystal is present, the material may still be inhomogene-. 
ous for ultrasonic waves if the grains are orientated at random and the crystal con
cerned has different elastic properties and different sound velocities in different di
rections. In this case it is called anisotropic. In most common metals elastic 
anisotropy is the rule, but in different metals it manifests itself to a varying degree. 

In a material with very coarse grains of a size comparable to the wavelength the 
scatter can be visualised geometrically. At an oblique boundary the wave is split 
into various reflected and transmitted wave types. This process repeats itself for 
each wave at the next grain boundary. Thus the original sound beam is constantly 
divided into partial waves which along their long and complex paths are gradually 
converted into heat because of the always present true absorption (see below). 

In the frequency range used for testing materials the grain size is usually 
smaller than the wavelength and under these conditions scatter occurs instead of 
geometric division, as when the light of a headlamp is scattered by the small water 
droplets in fog. In the case of grain sizes of 1I1000th to 1I100th of the wavelength, 
scatter is for all practical purposes negligible. It increases very rapidly however, ap
proximately as the third power of the grain size, to make itself felt at sizes from 
l/lOth to the full value of the wavelength, to such an extent that testing may be
come impossible if the material concerned is anisotropic. 
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The second cause of the attenuation, viz. true absorption, is a direct conversion 
of sound energy into heat, for which several processes can be responsible [19, 21, 
940), discussion of which would fall outside the scope of this book. Absorption can 
roughly be visualized as a sort of braking effect of the oscillations of the particles, 
which also makes it clear why a rapid oscillation loses more energy than a slow os
cillation, the absorption usually increasing with the frequency, but at a rate much 
slower than the scattering. 

Both losses set practical limitations to the testing of materials, but in slightly 
different ways. Pure absorption weakens the transmitted energy and the echoes 
from both the flaw and the back wall. To counteract this effect the transmitter vol
tage and the amplification can be increased, or the lower absorption at lower fre
quencies can be exploited. Much more awkward, however, is the scattering because 
in the echo method it not only reduces the height of the echo from both the flaw 
and the back wall but in addition produces numerous echoes with different transit 
times, the so-called grass, in which the true echoes may get lost. The scattering can 
be compared with the effect of fog in which the driver of an automobile is blinded 
by his own headlights and is unable to see clearly. This disturbance cannot be 
counteracted by stepping up the transmitter voltage or the amplification because 
the grass increases simultaneously. The only remedy is to use lower frequencies, 
which due to the reduced beaming effect of the sound and the increasing length of 
the waves and of the pulses sets a natural and insuperable limit to the detectability 
of small flaws. 

The sound pressure of a plane wave, which decreases only as a result of attenua
tion, can for the purpose of calculation be written in the form of an exponential 
function 

(6.1) 

Po and p are the sound pressures at the beginning and the end, respectively, of a 
section of length d and with the attenuation coefficient (X. 

In literature the attenuation coefficient (X is sometimes referred not to the 
sound pressure but to the intensity. If the latter is called (XI the attenuation law of 
intensity can be written 

Since the intensity is proportional to the square of the sound pressure we obtain: 

therefore 

The natural logarithm of Eq. (6.1) gives 

(Xd = In.£Q... 
p 

(6.2) 

This is the attenuation proper, or the total attenuation over the distance d, a dimen
sionless number which is expressed in nepers (Np). The attenuation coefficient can 
therefore be given in Np/cm. Following the practice in electrical measurement, 



110 6 Attenuation of Ultrasonic Waves in Solids 

however, another unit is being given preference, viz. the decibel per metre, abbrevi
ated dB/m. The decibel measure is obtained if in Eq. (6.2) the logarithm to base 10 
is used and multiplied by 20: 

ad = 20 19 h... dB. 
p 

(6.2 a) 

In what follows, a will always be given in the unit decibel per metre (dB/m) be
cause in the frequency range of interest, and the materials in question, the numeri
cal values, which usually lie between one and a few hundreds, can be memorised 
more easily. For instance, various materials with low attenuation have values from 
1.0 to 4.0 dB/m. 

According to Bergmann [2] water at 20°C has an absorption for 4 MHz of 
3,5 dB/m. The frequency dependence is given by 

a = 0.22/2 dB/m with/ expressed in MHz. 

The influence of the temperature is negative, the absorption decreasing by 3.2 % per 
degree at 20°C. At high ultrasonic powers, as can occur in the pulses of a flaw de
tector, the absorption can be much higher as a consequence of non-linear stressing 
and the onset of cavitation. 

If the attenuation coefficient of a given material is 1 dB/mm, the wave is attenuated by a 
1-mm-thick layer by approx. 10 %; by a 20-mm layer by approx. 90 %; at 100 mm the attenu
ation is the 5th power of 10 and the sound pressure is 10-5• This would already be a very se
vere attenuation. 

Table 6.1 facilitates the conversion of dB values to ordinary figures. The second 
column applies to negative dB values and gives the attenuated amplitude in %: the 
third column applies to positive values and gives the gain. 

Table 6.1. 

dB Attenuated Gain dB Attenuated Gain 
amplitude amplitude 
in% in% 

0.0 100 1.00 10.0 32 3.16 
0.5 94.5 1.06 12.0 25 3.98 
1.0 89 1.12 14.0 20 5.01 
1.5 84 1.19 16.0 15.8 6.31 
2.0 79 1.26 18.0 12.6 7.94 
2.5 75 1.33 20.0 10.0 10.00 
3.0 71 1.41 30.0 3.2 31.62 
3.5 67 1.50 40.0 1.0 100.00 
4.0 63 1.59 50.0 0.32 316.23 
4.5 60 1.68 60.0 0.10 1000.00 
5.0 56 1.78 70.0 0.032 3162.30 
6.0 50 2.00 80.0 0.010 10000.00 
7.0 45 2.24 90.0 0.003 31623.00 
8.0 40 2.51 100.0 0.001 100000.00 
9.0 35 2.82 
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Intermediate values are obtained by adding the dB values and multiplying the 
ordinary numerical values. 

Example. A decrease of the amplitude by 23 dB = 20 + 3 dB corresponds to 10 % of 
71 % = 7.1 % amplitude, requiring a gain factor of 10.0 x 1.41 = 14.l. 

A table of attenuation coefficients for various materials would be of doubtful 
value. Where values have already been reliably measured, which is difficult below 
10 dB/m (see Section 33.3), such values, in the case of metals, depend within wide 
limits on the various manufacturing parameters (see Section 6.2). Table 6.2, there
fore, provides only general information. 

For a few values of a from 1 to 300 dB/m, Diagram 10 in the Appendix shows 
the decrease of the sound pressure of a plane wave as a function of the distance in 
the form of a graph. It shows the attenuation in dB, or that of the amplitude in per 
cent, if the pulse-echo method is used, i.e. the height of the echo. If the decrease of 
the amplitude to 0.1 % is defined arbitrarily as the range, Diagram 10 indicates for 
light metals and fine-grained steel (a = 1 to 3 dB/m) transmission ranges above 5 m 
when using the echo method, but for grey cast iron (order of magnitude of IX ap
prox. 300) only 100 mm. This presentation draws attention to the fact-which in 
practice is frequently overlooked - that the attenuation increases very rapidly with 

Table 6.2. Attenuation of longitudinal waves at 2 MHz and room temperature in various 
materials 

Attenuation Low Medium High 
coefficient IX up to 10 10 to 100 above 100 
in dB/m 

Material Cast: aluminium, mag- Predominantly absorption 
nesium, pure and 
slightly alloyed Plastics Plastics and rubber, 

Worked: steel, alumi- (polystyrene, perspex, with fillers, vulcan-
nium, magnesium, rubber, PVC, ized rubber, wood 
nickel, silver, tita- synthetic resins) 
nium, tungsten (all 
pure and alloyed) Predominantly scattering 

Non-metals: glass, 
porcelain Cast aluminium and 

magnesium, alloyed 
Cast steel, slightly al- Cast steel, highly al-

loyed, high-quality loyed, lowstrength 
cast iron cast iron, cast cop-

Worked: copper, zinc, per, zinc, brass, 
brass, bronze, lead, bronze 
stellite, sintered me- Non-metals: porous 
tals ceramics, rocks 

Max. thickness 1 to 10 m 0.1 to 1 m o to 0.1 m, may fre-
that can be quently no longer be 
tested tested 
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the thickness of the layer concerned. While, for instance, 20 mm grey cast iron can 
still be tested with 25 % of the echo height in a good quality steel, and which reduc
tion can easily be compensated by the gain control, an echo in the same material, 
but 100 rnm thick, has dropped to 0.1 %. This is a value which depending on the 
transmitter voltage, the design of the probe and the gain may prevent testing. If by 
increased gain it is nevertheless possible to increase this back-wall echo from the 
100 rnm thickness to the same value obtained from a thickness of 20 mm, the mate
rial at the distance of20 rnm is subjected to a sound pressure 250 times greater than 
previously, resulting in excessively large indications from boundaries and small 
flaws in the close range. This is erroneously referred to as increased scattering, al
though compared with the test at 20 rnm thickness nothing has changed. Where 
there is high attenuation in a given test piece, a comparison of flaw echo and back
wall echo may therefore lead to completely false conclusions. 

In view of the fact that at greater layer thicknesses one usually has to work in 
the far-field of the probe, additional allowance has to be made for the decrease of 
the amplitude due to the divergence of the beam. According to Eq. (4.6) the sound 
pressure at distance d from the probe can therefore be written 

(6.3) 

A numerical example will make it clear that both causes of the decrease follow es
sentially different distance laws, so that the range will in the one case be deter
mined more by the divergence of the beam and in the other by the attenuation. 

Let the sound pressure at a distance of 100 mm be set arbitrarily at 100 %. The 
sound pressure then is in percentage terms: 

At a distance of 100mm 1m 10m 

Due to the divergence of the beam alone: 100 10 1 
Due to the attenuation alone at 

oc= 1dB/m 100 90 32 
10 dB 1m 100 35 0.001 

100dB/m 100 0.003 

Since the two contributing factors have to be multiplied by each other, the div
ergence of the beam determines the range in the case of materials which can readily 
be penetrated (fine-grained steel and aluminium at 2 MHz), whereas in the case of 
higher attenuation this is the predominating factor. 

Generally transverse waves are attenuated more strongly than longitudinal 
waves, particularly in plastics. Contrary to the assumption frequently heard in prac
tice, it is not possible to determine the attenuation coefficient of sound for trans
verse waves by measuring the attenuation coefficient for longitudinal waves at 
double the frequency. The elastic resistance of the material exerted against a 
change in position of the particles (as in the case of transverse waves) is quite dif
ferent from that against a change in volume (as in the case of longitudinal waves). 
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The attenuation usually increases with the temperature, particularly in plastics. 
In the case of steel a maximum appears at the transition point from body-centred
cubic to face-centred-cubic iron (approx. 721°C) [1168, 1533]. 

Beyond this point (in the austenitic range) it increases again very strongly as 
reported in [S 113]. 

In the case of surface waves, plate waves and rod waves the weakening influence 
of the roughness of the guiding surfaces must be added; this can be nominally 
taken into account by adding a certain quantity to a, and in this case also the de
crease of the amplitude follows an exponential law. 

If an attempt is made to avoid the attenuation of the material by using lower 
frequencies when trying to detect small flaws, a compromise has to be made; there 
is an optimum frequency, because the effect of the flaw on the sound field de
creases simultaneously. For instance, in the case of a spherical flaw whose diameter 
D is much smaller than the wavelength, the echo amplitude according to Rayleigh [32] 
varies by the ratio 

If the dependence of the attenuation coefficient on the frequency is known from 
measurements and can be expressed, say by the formula 

a= p+ qfm 

where p, q and m are constants, one obtains according to Malecki [819] for a given 
flaw distance d the optimum frequency 

1 
fop! = '0/ mqd . 

6.2* Attenuation in Metals; Anisotropy and Cast Structure 

In view of the fact that the attenuation, particularly the scattering in the material, is 
one of the main difficulties encountered in ultrasonic testing and is often the only 
factor limiting its application, it is of great practical importance to be able to esti
mate the influence of the crystal structure on the attenuation. So far no general so
lution has yet been found because both theoretical and measuring difficulties are 
encountered, and because indubitably, in addition to the directly measurable quan
tities such as grain size and anisotropy, many other parameters which are difficult 
to determine have an effect. There are for instance the nature of the grain bound·a
ries and the internal stresses. Frequently, however, not even the grain size can be 
clearly defined, as demonstrated by micro sections of steels with their complex 
structures. 

A clear and logical law of behaviour can therefore be expected only in the case 
of simple structures with only one type and form of crystal and a minimum of im
purities. This needs not necessarily apply to pure metals since alloys with mixed 
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crystals are no exceptions in this respect. In such cases the influences of anisotropy 
and grain size which can readily be interpreted are observed. If for instance two 
samples of cast aluminium and cast brass of identical grain size are compared, the 
attenuation in brass is much greater than in aluminium. Further, if two samples of 
the same material but of different grain size are tested it is found that the change of 
the attenuation due to grain size is much more pronounced in brass than in alumi
nium. This last-mentioned comparison can also be made with shorter wavelengths 
instead of larger grain sizes. A greater ratio of grain diameter to wavelength is thus 
accompanied by an attenuation which is the greater, the greater the anisotropy. 

According to Roth [1301] a number of important materials can be classified ac
cording to increasing anisotropy: 

W Mg AI-eu AI Fe Ag eu Pb 

(95 + 5 %) 

IX-brass p-brass 

(72 eu + 28 Zn) (58 eu + 42 Zn) 

The coarser grain produces a disturbance which is the greater, the further to the 
right the material appears in the above series. 

According to Roth, and also Mason and McSkimin [992, 993], the anisotropy 
can also be specified numerically, but this will not be discussed here, especially 
since the sequences are not identical for different concepts. In the case of trans
verse waves permutations within the series may result. 

Tungsten should be completely isotropic like non-crystalline materials, for ex
ample glass. Tests on samples, however, are usually hampered by porosity intro
duced during manufacture. 

The low attenuation of the pure light metals and aluminium copper alloys with 
only a few per cent copper has been confirmed. As far as the testing of materials is 
concemed here the grain size is immaterial. 

After iron come the strongly anisotropic materials of which the copper alloy me
tals in particular cause many difficulties. As far as is known fJ-brass is the most 
strongly anisotropic material after austenite. 

Iron is considered here only alloyed with carbon and with other metals in the 
form of steel. The influence of the grain size is considerable, and this is the main 
reason why, essentially, only frequencies below 5 MHz should be used when testing 
steel. 

In the case of steel the structure is usually not a simple one and does not have 
only one approximately uniform grain size and one type of crystal. It is, therefore, 
not surprising that the results are as yet unclear. As a first approximation the largest 
dimension of grain groupings or domains should replace the actual individual grain 
sizes. In relation to the behavior of Austenite see Sections 27 and 28.1.6. 

Most materials show a particularly pronounced reduction of the attenuation of 
sound if their cast structure is destroyed by working, cold or hot, for example dur
ing forging, rolling, extruding, etc. To a small extent this effect may be the result of 
true compaction of the structure by a reduction of the pore volume. In the main, 
however, the deformation process leads to a destruction of the larger grains of the 
cast structure, resulting in reduced scattering. 

The reduction of the pore volume is usually indicated directly by an increase of 
the specific gravity; for example cast copper has a specific gravity of 8.3 to 8.9 but 
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this changes to 8.9 to 9.0 if hammered. Since porosity reduces the velocity of sound 
the compacting should manifest itself by an increase of the sound velocity. 

The effect of the working on the attenuation of the sound is particularly pro
nounced in the case of non-ferrous metals as well as high-alloyed steels. While in 
the as-cast structure even small thicknesses can frequently not be penetrated, they 
can readily be penetrated even after the fust pass during rolling. Particularly dis
turbing in such materials therefore is a zone in the finished piece in which the cast 
structure has not yet been sufficiently compacted because of insufficient deforma
tion. A special condition of crystallization, for example an austenitic structure, has 
apparently no great significance in itself, but it is important to know whether this 
condition is present in the cast structure or the worked structure. For instance, the 
material of rolled austenitic pipes can readily be penetrated, while an austenitic 
weld joining them usually shows bad transmission because of its cast structure. 

It may be mentioned briefly that the improved mechanical properties of centri
fugal casting as compared with chill castings, sand castings or continuous castings, 
immediately manifest themselves in their ultrasonic behaviour. The centrifugal 
casting shows better ultrasonic transmittance and is therefore easier to test. It is de
batable whether this is merely an effect of the finer grain or of a simultaneously 
changed condition of the grain boundaries. This has been observed not only in cast 
iron but also in non-ferrous metals [1453]. 

Generally the attenuation along the sound path is connected with the disper
sion of the velocities, depending on the properties of the material and its structure. 
Based on this effect a new method has been developed to evaluate the structure 
from the scattering of sound at the boundaries of the grains and the different solid 
phases of the material [S 165, S 72-75]. 

Regarding further theoretical relationships between attenuation, dispersion, fre
quency, grain size, scattering and anisotropy see also [992, 32, 1627, 1676, 581, 582, 
434, 532, 535, 631, and 13, p.112f.]. 

Measurements are reported in [130, 992, 993, 19] on aluminium, magnesium, 
nickel and brass, metals of simple structure and well defined grain size. They con
firm qualitatively the theoretical approach. Measurements on steel are given in 
[1276, 940, 1161, 88, 21, 433]. 

Regarding measurement techniques see Section 33.3. The main difficulty, in 
addition to the measurement technique itself, consists in keeping constant all the 
numerous extraneous variables within a series of samples except for the one under 
review. 

For the practical purpose of non-destructive testing the results can be summar
ized by rule of thumb as follows: 
1. The scattering produced by a given material increases rapidly with increasing 

grain size, or decreasing wavelength, if the grain size is about 1110 of the wave
length or greater. However, the effect becomes disturbing only if the material 
appears far to the right in the anisotropic series. 

2. In complex metallurgical structures the grain size should be defined as the max
imum structural dimension which occurs. 

3. A cast structure produces stronger attenuation than a deformed structure, even 
in the case of identical grain sizes. 
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4. By making a recourse to lower frequencies the attenuation can be reduced con
siderably, but this step is promising only if the smallest flaws to be detected are 
still large compared with the grain size, or the. factor of reflection of the flaws is 
large compared with the scatter factor of the structure. 

According to newer concepts true absorption in crystals is explained by energy-consuming 
oscillations of dislocations in the lattice as well as by reciprocal actions on the lattice itself. 
(cf. Read [1241], see also Mason's book [21, 19] with further bibliographic references). This 
theory also explains the increase in attenuation if the material is stressed by tension or com
pression, as well as the fatigue behaviour of materials (see Section 33.3 and reports by Truell 
et al. [658, 559, 1535, 1536]). 



7 Piezo-electric Methods of Generation 
and Reception of Ultrasonic Waves 

7.1 Piezo-electric Materials and their Properties 

So far we have discussed the propagation and behaviour of ultrasonic waves in var
ious materials without pre-supposing anything regarding their generation except 
that they are excited in the material concerned by the contact face of a radiator 
which oscillates with the desired wave-form and frequency. For detection a micro
phone has been assumed which likewise has a contact face and which is capable of 
measuring the sound pressure of an incident wave. Both devices are referred to in 
materials testing as a probe, or transducer, and where applicable as a transmitting 
probe or a receiving probe. We shall now discuss its mode of operation, which is 
based almost exlusively on the piezoelectric effect. Other methods for generating 
ultrasonics are discussed in Chapter 8. 

A piezo-electric material has the property that if it is deformed by external me
chanical pressure electric charges are produced on its surface. This effect was dis
covered in 1880 by the brothers Curie. The reverse phenomenon, according to 
which such a material, if placed between two electrodes, changes its form when an 
electric potential is applied, was discovered soon afterwards (in 1881). The first in 
called the direct piezo-electric effect, and the second the inverse piezo-electric ef
fect. The first is now used for measuring, the second for producing mechanical pres
sures, deformations and oscillations. 

Later fundamental research has shown that piezo-electricity is based on a pro
perty of the elementary cell of the crystalline structure of the material, which is in 
this connection the smallest individual symmetrical unit which when multiplied 
builds up the whole macroscopic crystal. An essential condition for the effect is 
that the crystal cell should have no centre of symmetry and from the total 32 classes 
of crystals no less than 21 have this property. Of these 20 crystal types show some 
piezo-electric properties and there are therefore many different piezo-electric mate
rials. However, only very few of them are useful for our purpose and their descrip
tion will follow later. 

In what follows the piezo-electric effect will be explained using barium titanate 
as an example since it is a material frequently used in ultrasonics and has a rather 
simple structure for the elementary cell (Fig. 7.1). Fuller treatments of the subject 
may be found in the books of Bergmann [2], Hueter and Bolt [11], Mason [20], 
Cady [5] and Jaffe, Cook and Jaffe [12]. 

Barium titanate, along with many other piezo-electric ceramics, has the struc
ture of Perowskit, a calcium titanium trioxide (CaTi03), which can be used as a 
general designation of the crystal structure. The elementary cell (Fig. 7.1), above a 
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• n4• 

Fig.7.1. Elementary cell of barium titanate (schematic) 
Fig. 7.2. Perowskit structure, tetragonally distorted 

1 

certain temperature called the Curie or transformation temperature, has a cubic 
structure. Below this temperature it is distorted and strained in the direction of the 
socalled C -axis and hence the distances between positively and negatively charged 
ions are varied (Fig. 7.2). The shift is only a few percent of the length of the cube 
edge but nevertheless it causes a separation of the effective centerpoints of the elec
tric charges and thus generates a dipole moment. For reasons of energy all these di
pole moments belonging to neighbouring cells turn in the same direction within 
certain crystal domains. Such materials with this property are called ferro-electric 
which is analogous to the better known ferro-magnetic property. 

The direction of polarization of the different domains within a polycrystalline 
material is randomly distributed, and therefore in a sintered ceramic no piezo-elec
tric effect can be found macroscopically. However, by polarizing the material with 
an applied strong electric field at a temperature just below the Curie point, a un
iform polarization can be achieved for the whole sample. This polarization is "fro
zen" by cooling down the sample with the electric field still applied. Subsequent re
heating will again reduce the ferro-electric properties, and to a greater extent the 
nearer we approach the Curie temperature, the single polarized domains lose 
their orientation statistically. Above this temperature no uni-directional polariza
tion is possible because at this point the simple cubic structure of the elementary 
cell does not have a permanent dipole moment. 

When mechanical stresses are applied to a polarized plate of barium titanate, 
with compression or tension in the direction of polarization, all the elementary 
cells are deformed thus shifting the centrepoints of the structural electric charge 
distribution and causing thereby electric charges of the surfaces of the plate. For 
easier processing of the charges both faces of the plate are coated with a metallic 
layer, these layers forming an electric capacitor in which the crystal acts as the die
lectric. On stressing this plate we can detect and measure the charges as a voltage 
between the layers, which is proportional to the applied stress. Of course, because 
of the incomplete insulation of the circuit, the charge falls to zero in the form of a 
current pulse. When the applied stress is removed we then measure a voltage, or a 
current pulse, of the opposite sign. 
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So we can see that the alternating stresses as applied to such a plate by an inci
dent sound wave, generate alternating voltages and their corresponding currents, 
causing the plate to act as a microphone. 

The very thin metal coating does not hinder the operation of the so-called direct 
piezo-electric effect and the system therefore provides a receiver for ultrasound. 
The reciprocal effect forms the basis for an acoustic transmitter in which alternat
ing voltages applied across the two metal electrodes cause the plate to oscillate at 
the frequency of the voltage. If one attempts to prevent the increase or decrease of 
the plate thickness, it develops compression or tension thereby transmitting a pres
sure wave into the contiguous medium, its amplitude being proportional to the ap
plied voltage. 

However, the deformation of the piezo-electric plate is not only restricted to an 
alteration of its thickness. As a result of the elastic properties of any solid material 
any variation of the thickness must always be associated with opposite dimensional 
variations in the other two coordinates. The extent of this internal coupling de
pends on the particular crystallographic structure and as an example the size varia
tions in a rectangular plate, cut in the so-called X -direction from a natural quartz 
crystal, (see also this book, 3rd edition, p.120), are shown in Fig. 7.3. 

Natural quartz was formerly widely used in the probes for ultrasonic materials 
testing but it is now generally replaced by more sensitive piezo-ceramics (see 
Table 7.1). 

In fact these few illustrated additional variations in the dimensions of a piezo
electric plate subjected to applied electric potentials are not by any means the only 
ones. A full description and explanation would require a great deal of the theory of 
elasticity, but for the generation and reception of longitudinal waves the more com
plex variations do not interfere very much, so we may here restrict ourselves to the 
variation of the dimensions perpendicular to the thickness as shown in Fig. 7.3 b for 
the Y-direction. 

With a plate cut from a crystal such as quartz variations in both the Y- and Z
directions, have different couplings with the thickness variation whereas ceramics 

a 

b 

c 

Fig. 7.3. Deformation of an 
X-cut quartz plate of dimen
sions x, y, z = 5,30,20 mm, for 
an applied voltage of 1000 volts 
illustrated on a much exagger
ated scale of 1 million to one. a 
Change of thickness alone; b ad
ditional change of Y-axis; c ad
ditional shear of the Y - Z plane 
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_ Direction of 
polarization 

, / 

Fig. 7.4. In the solid material the Y-cut 
quartz plate generates a transverse wave 
normal to the surface, and a surface wave 
in the X-direction. The latter is particu
larly strong if x : y - 7 : 1 

Fig. 7.5. Design of a thickness-shear oscillator 

such as barium titanate do not. As a consequence the shape of a circular disc cut 
from quartz is somewhat distorted when energised whereas a disc made from bar
ium titanate only changes its diameter when oscillating. When rigidly attached to a 
solid material both transmit a weak shear wave, and a surface wave, besides the nor
mal longitudinal wave (Fig. 7.4). When using a liquid coupling, however, the shear 
wave cannot be transferred. The surface (Rayleigh) wave is unavoidable however, 
and can be used intentionally for surface testing, but otherwise it may interfere with 
longitudinal wave testing by giving unwanted echoes. 

The Y-expansion is sometimes made use of for generating low frequency longi
tudinal waves, which are transmitted from the small X-Z area, since the natural fre
quency of the plate in this direction is much lower than in the thickness direction 
(see Section 7.2). It is also an advantage that the radiating contact faces do not have 
metal electrodes which always suffer from abrasion when in contact with a solid 
specimen. 

Figure 7.5 shows an example of the use of the internal mechanical cross coup
ling to generate strong transverse waves. A rectangular rod of piezo-ceramic mate
rial, with a high cross-coupling factor (see Table 7.1), has been polarized perpen
dicular to its main axis. It can then be cut into square plates without destroying 
the piezo-electric properties. Each plate of thickness d, and metallized on the large 
faces (XZ), can oscillate at the natural frequency corresponding to its thickness, 
and radiates a transverse wave in the Y-direction when coupled to a solid medium. 

As already mentioned in Section 4.8 a piezo-electric plate never oscillates ex
actly like a piston because of the fringe-field effect. The voltage between the elec
trodes is in fact uniform over the whole plate, but the electric field strength is actu
ally responsible for the amplitude of the piezo-electric effect. Because at the edges 
of the plate the field lines tend to curve outwards, the oscillation amplitude is here 
reduced with unavoidable influences on the ultrasonic field (see Fig. 4.44). 
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The following basic laws of piezo-electricity are valid for both types of piezo
electric materials. That is the piezo-ceramics which get their piezo-electric proper
ties by being polarized in an electric field at elevated temperatures, and the mono
crystalline materials having natural piezo-electricity, such as quartz. 

For the following treatment we assume the ideal case of a simple parallel sided 
oscillator with only thickness deformations. The static case of the twin piezo-elec
tric effects may be written in an elementary manner as follows: 

1. Let the applied potential be UI (the transmitting voltage). The change of 
thickness AXI will then be 

(7.1) 

where d33 is the piezo-electric modulus. 
In the case of piezo-ceramics the direction of polarization is normally identified by 
the index 3 and a typical value for barium titanate is: 

d33 = 125 X 10-12 m/V (or As/N). 

If an oscillator is to be used only as a transmitter a value of the piezo-electric mod
ulus as high as possible is an advantage. 

2. Consider now an externally produced change of thickness AXr (receiver). The 
corresponding open circuit potential, that is the voltage across the oscillator with
out applied load, is: 

Ur = h33Axr 

where h33 is the piezo-electric deformation constant. 
Its value for barium titanate is: 

h33 = 1.5 X 109 V 1m (or NI As) 

(7.2) 

but for other crystals the axis and the value of the constant will of course be differ
ent. 

3. In the latter case one can also start from the pressure Px, which produces the 
change in thickness. The voltage produced by the receiver crystal then depends ad
ditionally on the thickness d: 

Ur = g33dpx 

where g33 is the piezo-electric pressure constant. 
It is for barium titanate: 

g33 = 14 X 10-3 Vm/N (or m21 As) 

(7.2 a) 

A value for g33 as high as possible is an advantage when mechanical pressure is to 
be transformed into a voltage, as for example in a receiver for ultrasound. 

Assuming that the total change in thickness of the transmitter is transferred to 
the receiving crystal so that AXr = AXI then the ratio of receiver voltage to transmit
ter voltage, according to Eqs. (7.1) and (7.2) and using values for barium titanate, 
will be 

(7.3) 
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The quantity k, defined by this equation (7.3), is the electro-mechanical coupling fac
tor which for a piezo-electric material is an indicator of the efficiency of the con
version of an electric voltage into a mechanical displacement or vice versa. For the 
values above for barium titanate we would get back about 20 % of the input voltage. 
The value of k = 0.43 for barium titanate is, however, only valid for rods excited in 
their axial direction. For thin plates a cross coupling between thickness and trans
verse oscillations cannot be neglected. The value of kt (thickness oscillation) for 
barium titanate taking this into account, is: 

kt = 0.33 i.e. k: = 0.11 

which means that only 11 % will be obtained. The abolute maximum is about 25 % 
(kt = 0.5, see Table 7.1). 

For the thickness oscillation of thin plates also the factor kp (for radial oscilla
tions) is of importance since from kp the disturbing oscillations of a probe depend. 
It should therefore be as small as possible compared with k t • The higher the value 
of kp the more an oscillator differs from the ideal case, assumed above, for a pure 
thickness oscillator. 

In addition to the various piezo-electric constants, its mechanical quality Q as 
well as its impedance Z is of importance in considering its performance as an oscil
lator (cf. Section 7.2). 

The mechanical quality Q is a measure of the increase in amplitude if a plate 
is vibrating at its resonance point as part of an oscillating circuit. It is higher when 
the oscillation losses of energy in the material are lower. With materials of natural 
crystalline origin such as quartz it is normally very high and its value cannot be in
fluenced. With ceramic materials it can be varied by making use of small changes 
in the chemical composition, and available commercial products have mechanical 
qualities between 15 and 1000 (see Table 7.1). 

The acoustic impedance, or sound resistance, Z defined as the product of den
sity {! and sound velocity c, determines the passage of sound between two differ
ent materials (Section 2.1). For equal impedances the whole sound energy is trans
ferred between two materials and it is therefore better to make an optimum match 
between the impedance of the transmitter/receiver and the specimen material un
der test. 

For generating and receiving ultrasound in materials testing today piezo-elec
tric ceramics are mostly in use, the commonest being barium titanate, lead zirco
nate titanate (PZT), lead titanate (PT), lead meta-niobate (PbNb20 6) and barium 
sodium niobate (Ba2NaNbsOlS). The properties of these materials can be varied by 
manufacturing processes within certain limits. Table 7.1 lists values for two typical 
PZT ceramics (Sonox P 2 and P 5) as well as for barium titanate (Sonox PI) and 
lead meta niobate (K-81). 

Instead of directly sintering the powder for the manufacture of ceramic transducers it can 
be mixed with an electrically non-conductive liquid to make a paste and with an applied high
bias voltage it develops piezo-electric properties (Lutsch (955), cf. also (237). Such paste 
transducers can be applied directly to the specimen without using a coupling fluid. On rough 
surfaces they give better coupling but have much lower sensitivity than standard types of 
transducer. It is of interest that they may be used even at temperatures higher than the Curie 
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temperature if higher boiling point liquids are used [955]. In addition one may mix the pow
der material with mouldable hardening resins and produce rigid transducers with low sensitiv
ity but high internal damping. 

Pizeo-electric monocrystals such as quartz, lithium sulfate, lithium niobate, 
lithium tantalate, zinc oxide and iodic acid are rarely used today for materials test
ing. The reason for not using quartz, the oldest known piezo material, is the low 
sensitivity, kt = 0.1. For some special cases lithium sulfate and lithium niobate 
have certain advantages and their constants are mentioned in Table 7.1. Only for 
the sake of completeness we also mention Seignette or Rochelle salt (potassium so
dium tartrate, KNT crystal), potassium phosphate (KDP), ammonium phosphate 
(ADP), potassium tartrate (DKT), ethylene diamine tartrate (EDT) and tourmaline. 

Finally in Table 7.1 we mention polyvinyliden fluoride (PVDF). This is a plastic 
film used mainly in the packaging industry and its piezo-electric properties have 
been detected only since 1969 (Kawai [763], Sussner et al. [1489], Ohigashi [1140], 
Sussner [1488]). Thin films of PVDF in the range 0.1 to 0.005 mm thickness can be 
polarized by a high voltage after being stretched and in this case molecular chains in 
the plastic material are aligned rather than being randomly distributed as normally. 

When comparing the values given in Table 7.1 one sees from the piezo-electric 
modulus d, that the first four materials listed give far higher thickness variations 
than the others and are therefore better suited for use as transmitters at the same 
transmitter voltage. PZT is the best and the two mentioned PZT types differ mainly 
in their dielectric constants and their mechanical quality. Type P 2 has a very low 
dielectric constant (sr = 480) compared with P 5 (sr = 1600). It is reasonable to se
lect a PZT material which at a given probe diameter allows proper matching of its 
capacity to the input impedance of the amplifier. The high value of g33 recommends 
PVDF as receiver. 

In the case of PZT and barium titanate, the high sensitivity cannot in practice 
be fully exploited because of their high acoustic impedance. Not only for transmit
ting into liquids, but also for liquid coupling to solids, the effective impedance is 
only a few x 109 Ns/m2• Lead meta-niobate, lithium sulfate and PVDF are in this 
respect much more favorable. 

Another point in favor of lead meta-niobate is the mechanical quality Q which 
should be as low as possible for the damping of the fundamental oscillations of a 
plate. In order to obtain short pulses a backing material is usually bonded to the 
rear face of the crystal both for damping it and for absorbing the penetrating wave. 
It must be rigid enough to support the crystal but thin enough to maintain the 
transducer at a handy size. For material with high impedance the compromise may 
not be easy, and therefore lithium sulfate and lead meta-niobate are preferred. The 
latter has also a very low Q and may in some cases be used without even a special 
backing material, which is an advantage for the working sensitivity. 

Another important advantage of lithium sulfate and lead meta-niobate is their 
small coupling factors between co-planar oscillations and thickness oscillations, 
which is responsible for long-lasting reverberations following a short pulse. Piezo
electric ceramics have radially symmetrical decay oscillations within the plane of 
the disc and damping by a rear-mounted damping block is only partially effective. 
A better solution, but one presenting difficulties for the probe construction, is to 
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use an additional edge damping material around the disc. For this reason barium ti
tanate is not suited for use with very short pulses when compared to lithium sulfate 
and lead niobate. However, there is another disadvantage of the latter materials 
which arises from their high sound velocity. This means that discs must be of very 
small thickness at high frequencies causing them to be rather fragile [550]. 

Lithium sulfate is water soluble and, for immersion testing, must be protected 
by water-tight covering layers, usually of cold-hardening resins which can also be 
used for matching the coupling impedances. When provided with curved surfaces 
they can even be used to focus the beam when radiating into water, or for matching 
the profile of a curved surface of the specimen. However, if they are used for con
tact with solid specimens the plastic surface is easily damaged and the crystal can 
be destroyed by water so that the surface is usually protected for such applications 
by a further layer. 

The high transformation temperature oflead niobate (1210 0c) allows its use on a 
hot surface, for example to inspect parts of sodium-cooled nuclear reactors, but the 
crystal has to be protected against oxidation above 650°C by an air-tight enclosure 
(Podgorski [1199]). 

Electrical matching of the probe to the amplifier becomes difficult at high fre
quencies for large crystal diameters because of their high self-capacity. In this case 
the low dielectric constants Er of lithium sulfate and lithium niobate are an advan
tage compared with piezo-ceramics. 

Finally PDVF has very unusual values and in spite of its very low coupling fac
tor (kt = 0.12) it is an interesting material because of its low impedance, low me
chanical quality and low dielectric constant. It is suited therefore for high fre
quency oscillators, having high damping even without backing. Its main advantage, 
however, is its film character which can be produced at a thickness for which other 
materials would be extremely fragile. PVDF can be used for transducers working up 
to 100 MHz, which is only possible with solid transducer materials by exciting them 
at an harmonic oscillation, as for example the fifth harmonic of a 20-MHz oscilla
tor. 

7.2 The Piezo-electric Plate as Transmitter and Receiver 
of Ultrasound 

The above descriptions of the behavior of a piezo-electric plate are strictly valid 
only for the static case, or as long as the thickness variations only take place so 
slowly that the inertia of the plate can be neglected. Any plate, regardless of its 
piezo-electric properties, can oscillate mechanically like the classic system of a 
mass and spring. The fact that within a plate the mass and the spring's elastic force 
are uniformly distributed enables it to oscillate at its fundamental frequency, and 
also at its various harmonics, as in the case of a taut string. 

Let us consider the fundamental or first harmonic oscillation in a plate rigidly 
fixed at its edges as in Fig. 7.6. The material particles of the two surfaces oscillate 
simultaneously, either outwards or inwards, but within the median plane the parti-
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cles are always at rest. If the displacement of the particles at a series of instants 0 to 
8 are plotted at right angles to the axis of the plate, as shown in Fig. 7.6, the result is 
a group of sinusoidal curves having different amplitudes. This phenomenon is well 
known to us and constitutes a standing wave as explained in Fig. 1.5. It can be 
thought of as consisting of two waves running in opposite directions through the 
plate, but at the same frequency. Therefore the thickness oscillation of a plate can 
be described by a plane wave which is reflected at the fIrst surface with opposite 
phase (because it is the boundary with an acoustically soft medium), and being re
flected again at the opposite surface, once more with a phase reversal. Thus it un
dergoes a phase shift equal to a full wavelength, and so meets itself in phase. 

Using a sound velocity for longitudinal waves c in the plate material, its thick
ness d equals 

A. c d=-=-
2 2/0 

(7.4) 

and hence the characteristic or natural or fundamental frequency of the plate is 

c 
10=U' (7.5) 

A thickness oscillation may also be achieved by transverse waves. For each case, 
using values for barium titanate (type P 2) ceramic, we obtain: 

/01 = 2.60/d MHz, 

lOt = O.98/d MHz 

with the thickness expressed in millimetres. 

m , I I 

+~: : :08 t : 1 7 

~ : 2-6-:1: 

l l 3 5 
-, I I If 

, I 
I I I 

4J 2. 

I , , , , 
, I I 

(7.6) 

+ 

t 
fi 

T 

'1-. Natural oscillation 

Fig. 7.6. Fundamental thickness oscillation of a plate. Displacement of the particles plotted at 
equal time intervals, 0 to 8, perpendicular to the axis of the plate 
Fig.7.7. Higher harmonics of a plate. Particle displacement at time zero as in Fig. 7.6. 
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To produce sound in the audible range with thickness oscillations in a barium
titanate plate, a thickness of 200 mm would be needed, but using thickness of a few 
millimetres we attain the frequency range of ultrasound needed for testing materi
als. 

Figure 7.7 explains the formation of higher characteristic oscillations, the so
called harmonics. Standing waves will also occur for waves of shorter wavelength, 
provided they are an exact fraction of the fundamental wave. In these cases two, 
three or more half-wavelengths fit into the plate thickness so that there are several 
nodal plains where the particles are always at rest. The corresponding harmonic fre
quencies are an integral multiple of the characteristic or first harmonic frequency 
/0' For the odd harmonics, as well as for the fundamental, viz. at/o, 3/0 , 5/0 etc., the 
particles in the two surfaces are subjected to opposing oscillations simultaneously, 
so that the thickness of the plate varies in the rythm of the oscillation. In the case 
of even harmonics, viz. 2/0 , 4/0 , etc., the particles oscillate simultaneously but in 
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Fig. 7.8. Decay of oscillation of a thickness oscillator for different damping coefficients b 
(oscillator as in Fig. 7.9) 
Fig. 7.9. Resonance curves of forced oscillations of a thickness oscillator as in Fig. 7.8 
(Qualities, Q = a 15.8; b 5.5; c 0.48) 
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the same direction so that the thickness of the plate remains unchanged. From an 
outside viewpoint it merely oscillates back and forth as a whole. 

Mechanical excitation, for example by a physical shock, can produce in a plate 
higher characteristic vibrations in addition to the fundamental, as well as bending 
vibrations, resulting overall in a rather complex oscillation. However, thanks to the 
piezo-electric effect it can be excited electrically in its fundamental characteristic 
oscillation by applying to its metallized surfaces an alternating voltage correspond
ing to its characteristic frequency. 

If a shock-excited plate is allowed to oscillate freely, its sinusoidal oscillation 
does not remain constant because the plate constantly loses energy by two mechan
isms, viz. internal friction and energy convection in the form of ultrasonic waves 
transmitted to the mounting and the surrounding material. The first cause is 
usually insignificant compared with the second which is the real purpose of the os
cillator. Due to the loss of energy the oscillation is damped and the amplitude de
creases from one oscillation to the next by the factor b known as the damping coef
ficient (Fig. 7.8). As will be explained later, this quantity depends essentially on the 
material to which the plate is coupled. In the case of the damped oscillation the fre
quency is in practice that of the characteristic frequency of the oscillation without 
damping. Only for high values of damping are the frequency deviations appreci
able. 

If the piezo-electric plate is excited by an alternating voltage of a frequency dif
ferent from its fundamental, it will oscillate at this applied frequency, after initial 
build-up, as a forced oscillation with constant amplitude. The amplitude achieved 
depends on the exciting frequency (Fig. 7.9) and for very small frequencies it is 
practically identical to the static thickness change of Eq. (7.1), which is arbitrarily 
taken to be 1 in Fig. 7.9. Up to the resonance frequency fr it increases to a maxi
mum value which depends on the coefficient of damping, after which it falls again. 

At the resonance frequency fr the plate is excited to the largest amplitudes. This 
frequency usually differs somewhat from the characteristic frequency 10 which is the 
frequency of the free-oscillating plate, whether damped or not. 

This increase at resonance is equal to the quality Q and is defined as the ratio of 
the amplitude at the resonance frequency (not the characteristic frequency) to the 
static thickness change: 

Q= ~Xfr 
~Xst.t • 

The quality is linked to the damping coefficient b: 

11 
Q= lnb (Inb=2.303Igb). 

(7.7) 

(7.8) 

The quality is linked also to the band width of the resonance curve. If the band 
width B of the resonance maximum is dermed according to Fig. 7.9, and measured 
at 70 % (more accurately at 11../2 = 0.707) of the maximum value, the following 
equation applies if the damping is not excessive, i.e. for Q-values above say 10: 

(7.9) 
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Fig.7.10. Radiator between two materials 1 and 2 

Formulas (7.8) and (7.9) should be regarded only as approximations because their deriva
tion presupposes that the oscillating piezoelectric plate behaves like a mass suspended by a 
spring However, this is only approximately so, because, particularly in the case of high damp
ing, the deviations are considerable. In the testing of materials by means of sound pulses 
damping coefficients of this order are necessary, so that when calculating the resonance am
plitude and the band width, considerably more complex, exact calculations should be used 
[1302]. 

When using a piezo-electric plate as an ultrasonic generator, the relation be
tween the damping coefficient and the constants of the contiguous materials is of 
interest. Let it be assumed that the plate is located between two materials 1 and 2 
with the acoustic impedances ZI and Z2 (Z = gc) (Fig. 7.10). As long as ZI and Z2 
are both smaller thanZo, the acoustic impedance of the piezo-electric material, i.e. 
for sonic ally soft coupling on both sides, the following applies: 

b = (Zo + ZI)(ZO + Z2) . 
(Zo - ZI) (Zo - Z2) 

(For derivation of equations see [1302].) 

(7.10) 

Equation (7.10) is also valid if both contiguous materials are sonically harder 
than the piezo-electric material. If, however, one of the two materials is sonic ally 
softer while the other is sonically harder, the piezo-electric plate oscillates only at 
Ai4 resonance, i.e. the characteristic frequency of the plate damped in this way is 
only half as high as given by Eq. (7.5), and the damping coefficient in this case is: 

b = (Zo + ZI)2 (Zo + Z2)2 
(Zo - ZI)2 (Zo - Z2)2 . 

(7.11) 

Example. Let it be assumed that a quartz plate is mounted so that one side borders on air and 
the other on water. From the values ZI = 0.4 x 103, Z2 = 1.5 X 106, and Zo = 15.2 X 106 Ns/m3 

it follows that b = 1.22 (Fig. 7.8 a). This quartz is now cemented at the back to vulcanized rub
ber. From ZI = 2.8 X 106 we get b = 1.75 (Fig. 7.8b). This applies not only to a plate of 1 MHz, 
but according to Eq.(7.10) the damping coefficient is independent of the resonance fre
quency. If, however, we now let the quartz cemented to vulcanized rubber radiate into alumi
nium instead of water, so that Z2 = 16.9 X 106, the resonance frequency of the plate is now 
only half as high. To facilitate the comparison Figs. 7.8 and 7.9 however, have been drawn as 
if a plate of half thickness were used for this test. In this case the damping coefficient 
should be calculated according to Eq. (7.11); this gives b = 730, i.e. in this case the plate is al
ready damped almost aperiodically because the amplitude of the second oscillation is now 
only 11730 of that of the first and the third only 117302 = 11533000. For practical applications 
it must, however, be taken into consideration that a thin layer of cement between crystal and 
aluminium reduces the effective acoustic impedance of the material so that invariably smaller 
damping values will be obtained in tests. 

In practice, the coupling conditions of a probe may fluctuate considerably with the sur
face quality, surface shape and material of the test piece, and therefore also the damping. In 
order to reduce excessively large fluctuations the unchanged acoustic impedance ZI of the 
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damping body cemented to the back can be chosen high. However, this can be done only at 
the expense of sensitivity because the oscillation-amplitude, and therefore also the amplitude 
of the radiated sound, decrease with increasing damping factor. 

So far the fundamental oscillation of a piezo-electrically excited plate has been 
discussed. The harmonics will now be analysed and for this purpose we assume that 
also in this case the plate is on both sides in contact with sonically soft materials. It 
is found that only the odd harmonics can be excited piezo-electrically, i.e. after the 
first resonanceJ.., further resonances occur at 3J.., 5J.., etc. Figure 7.9 should be sup
plemented on the right towards the region of higher frequencies by these additional 
resonance peaks. The correlated damping factors increase with the order of the har
monic, Le. they are proportional to 3, 5, etc. Therefore, at constant exciting voltage, 
the amplitude of the radiated sound wave decreases at the same rate. 

Even if the resonance curve shown in Fig. 7.9 is supplemented by the resonance peaks of 
the harmonics, it still differs from any measured curves because every quartz plate always has 
additional resonance peaks produced by additional deformations, linked to the thickness os
cillation, which have been neglected here. 

As far as the testing of materials is concerned, the oscillation amplitude of the 
piezo-electric plate is less important than the sound pressure of the radiated sound 
wave. The sound pressure is proportional to the oscillation amplitude and the fre
quency, so that at frequency 0 the resonance curve starts at zero and not with a fi
nite value as shown in Fig. 7.9. Further, the resonance peak is symmetrical about its 
resonance frequency. Only in the case where the piezo-electric plate borders on the 
one side on a sonically hard material and on the other on a sonically soft material, 
is the resonance peak shifted from the above-mentioned Al4 point towards higher 
frequencies and becomes asymmetrical. 

Conversely, if a similar plate is used as receiver, the no-load voltage produced at 
the plate (Le. without the load of measuring instruments) is proportional to the am
plitude of the oscillation. Therefore, this receiving voltage of the piezo-electric 
plate again has an asymmetrical form as shown in Fig. 7.9. 

If similar plates are used as transmitter and receiver (or, as in the echo method, 
the same plate is used first as transmitter and then as receiver) and if we consider 
the ratio of receiving voltage (no-load voltage) to transmitting voltage, the fre
quency curve with its resonance peak has to be considered twice. Figure 7.11 shows 
curves of this type calculated according to [1302J. It should be mentioned here that 
electrical matching of the receiver plate of an amplifer can deform the curves con
siderably. In calculating the curves shown in Fig. 7.11 it was assumed that no loss of 
sound pressure occurs between transmitter and receiver as a result of the conditions 
of propagation. 

It should be pointed out that the ratio of receiving no-load voltage to transmit
ting voltage is independent of the size and thickness of the piezo-electric plate. Fi
gure 7.11 is therefore valid for all sizes of oscillator and the size of the plate influ
ences only the conditions of sound propagation (beam spread, length of near-field). 

The sound field of a piezo-electric plate used as transmitter has been discussed 
in Sections 4.1 and 4.3. It should be added that if the piezo-electric plate is used as 
receiver it has the same field of sensitivity. According to a general principle, viz. 
the reciprocity theorem, the transmitter characteristic equals the receiver character-
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Fig. 7.11. Quartz plate operated simul
taneously as transmitter and receiver. 
The ratio, receiver no-load voltage to 
transmitting voltage, is plotted for the 
following damping conditions: Sound 
radiation in water (curves a and b), in 
aluminium (c), in steel (d). Damping at 
back: a air; b, c, d vulcanized rubber 
(as in Figs.7.8 and 7.9) (piezo-electric 
constant h33 = 4.9 X 109 V 1m, see 
Table 7.1). Loss-free propagation of 
sound between transmitter and receiver 
has been assumed 

istic. As far as the far-field is concerned this means for instance that an incident 
wave of constant sound pressure but variable angle of incidence produces in the re
ceiving crystal a voltage which reaches a maximum at perpendicular incidence, 
and which decreases in the case of oblique incidence according to a characteristic 
as shown in Figs.4.1S. 

In the echo method where the radiator functions both as transmitter and re
ceiver, the directional characteristic in the far-field therefore enters twice as a fac
tor. The same applies to the near-field. The ratio of receiving to transmitting vol
tage is therefore determined in the case of a small reflector movable in the sound 
field, by the square of the functions described in Chapter 4 exclusively for the 
sound field of the transmitter. The characteristic consequently becomes more 
pointed. 

7.3* The Piezo-electric Transducer with Pulse Excitation 

Let us first answer the question as to why a low damping of a given piezo-electric 
plate is not always advantageous. In order to radiate a continuous sound wave at 
the maximum possible sound pressure and a given frequency, it is logical to excite 
a suitable plate at its natural frequency and to keep its damping at a minimum. For 
this purpose it is advantageous to let it be damped only by the coupled material 
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while it borders on air at the back. In non-destructive testing this is rarely the case, 
because even if continuous ultrasonic sound is used for the test it will usually be 
necessary to sweep the frequency to avoid the creation of standing waves in the test 
piece. In this shifting of frequency the amplitude should remain as constant as pos
sible which, however, a narrow resonance curve does not permit. Ideal would be a 
frequency curve with a partially flat region, which, however, is difficult to achieve if 
one does not want to operate with very small amplitudes at frequencies far from the 
resonance point. A compromise is then made and the resonance curve is broadened 
as required by introducing suitable damping, resulting in the band not being com
pletely smooth but decreasing to only 70 % of the maximum value at its limits. 

An adequate band width is particularly important when transmitting short 
pulses. In the echo method the length of the pulse may prevent the detection of 
flaws near the surface and pulses of minimum duration are therefore desirable. At 
high frequencies these pulses may still consist of a large number of oscillations. 
This advantage is, however, offset by the fact that the damping of most materials in
creases with the frequency. It is therefore necessary to generate and transmit pulses 
at frequencies which are not excessively high and with a minimum number of oscil
lations; it may even be advisable to produce completely aperiodic, i.e. socalled 
shock pulses or transients. 

Every pulse can be presented in sinusoidal form by a Fourier series as the sum 
of a given number of partial oscillations unlimited in time and contained in a fre
quency band of given width. Before and behind the pulse these partial oscillations 
cancel each other exactly. The shorter the pulse, regardless of its shape, the broader 
is the frequency band of appreciable amplitude. If some of the frequencies are sup
pressed in the case of pulse transmission by a mechanical or electrical system, the 
transmission distorts the pulse, and in particular lengthens it. The rule applies that 
in order to transmit a pulse of duration T without considerable distortion, a fre
quency band of width B = liT is sufficient even if the latter has already decreased 
to 70% at both ends, as in the case of the resonance curve shown in Fig. 7.9. 

A band width of 0.18 MHz shown in Fig.7.9b, therefore, could transmit with 
practically no distortion a pulse of 110.18 = 5,5 IlS duration, e.g. 5 oscillations of 
1 MHz frequency, each lasting IllS. If, however, one attempts to place on such a 
piezo-electric plate a pulse of IllS duration, the corresponding frequency band of 
1 MHz is not transmitted, and the transmitted pulse would not be shorter than 5 Ils 
as already indicated by the decay process of the plate shown in Fig. 7.8 b. 

If a transmission circuit contains several series-connected elements, e.g. transmitting 
transducer, receiving transducer and amplifier, the above statement applies to the total trans
mission curve which is the product of the individual transmission curves. The various ele
ments, therefore, must match each other and it is futile to connect a wide-band transducer to 
a narrow-band amplifier, and vice versa. Also, the material through which the pulse passes in 
the form of a sound wave may influence the frequency band, because its damping increases 
rapidly at higher frequencies. 

Let us consider various types of electrical pulses and investigate how the piezo
electric plate behaves in these cases. First, let us take an alternating voltage train 
with 10 oscillations at the natural frequency of the plate (Fig. 7.12 a). At the be
ginning and end this train suddenly disappears. However, because of its inertia 
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Fig.7.12. Excitation of a piezo-electric 
plate by an alternating voltage train 
with damping coefficients 1.75 and 
525, excitation frequency equals natu
ral frequency. a Alternating voltage 
train, identical with oscillation pattern 
of an inertialess plate; b transient oscil
lation of actual plate for b = 1.75. c os
cillations occurring in the actual plate, 
i.e. the sum of (a) and (b). (d) transient 
oscillations for b = 525 . (e) oscillation 
of plate, i.e. sum of (a) and (d) 

and the elastic forces, the plate tends to resist any sudden changes and smothes 
them out at the beginning and at the end of the oscillation by buildup and decay 
processes. The actual oscillation of the plate is therefore composed of the motion of 
an inertialess plate subjected to the influence of the voltage, which the plate follows 
precisely, and the transient oscillations. In Fig. 7.12 the curves a and b should 
therefore be added, so that the actual oscillation of the plate is obtained in c. Here 
again a damping coefficient b = 1.75 was assumed, as in Fig. 7.8b. The transient os
cillation is the free characteristic oscillation of the plate, and Fig. 7.12 b is therefore 
identical with Fig.7.8b; the latter oscillation, however, as a build-up process, 
should be taken to be negative because it opposes the electrical excitation. How
ever, at the end of the pulse, it acts in the same sense, i.e. it tries to support the 
electrical excitation. 

With higher damping (Figs. 7.12d and e for b = 525) the effect of the transient 
oscillation is less important and the actual oscillation already resembles the excit
ing voltage much more closely. It should, however, not be overlooked that the am
plitude decreases inversely with the damping coefficient; in the illustration this has 
not been taken into account. 

The build-up of the natural oscillation depends entirely on the impressed conditions, for 
which a particularly simple and clear case has been chosen here, viz. appearance and disap
pearance of the pulse voltage exactly at a maximum. The correlated build-up process always 
develops in such a manner that it exactly cancels the motion of an intertialess plate at the be
ginning. 

The shorter the duration of the excitation and the lower the damping of the 
plate the greater the proportion of transient oscillations in the pulse. In Fig. 7.13 a 
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Fig. 7.13. As in Fig. 7.12 but with shorter pulse (corresponding to Figs. 7.12a, c and e) 
Fig. 7.14. Sound-pressure waves, excited by the voltage U as a function of time, along the axis 
of a transducer plate sandwiched between two materials 1 and 2. For reasons of simplicity, the 
same sound velocity has been assumed in 1 and 2 and the scale chosen so that the pulse width 
is ,the same both in space and in time 

pulse of only two oscillations of the characteristic frequency was used for excit
ation. With b = 1.75 the oscillation of the plate already fails to reach the maximum 
value, and build-up and decay already start to overlap. The plate with the greater 
damping still transmits the pulse almost undistorted, but with smaller amplitude. 
This disadvantage is partially offset by the fact that this plate reaches its oscillation 
peak earlier than the less damped plate. 

Since short pulses are particularly important in non-destructive testing, the re
sults of a more rigorous treatment of the piezo-electric plate will now be described, 
which makes it possible to construct correctly the pulse of the sound pressure of in
terest for arbitrary, exciting voltages by using a rather simple and fruitful method 
[258, 1246]. 

Without presenting its derivation, it is recommended that the following, basic 
rule concerning piezo-electric plates operated as transmitters be memorized (see 
Fig. 7.14): 

If an arbitrary voltage is applied to a piezo-electric plate, sound-pressure waves 
which show the same chronological pattern as the voltage start simultaneously from 
both surfaces. They travel into the plate as well as into the materials coupled to it 
externally, but inside the plate their phase is opposite to that outside. Their ampli
tudes depend on the acoustic impedances of the materials concerned as follows: 

Material 1 Material 0 Material 2 
(ZI) (Zo) (Z2) 

(Piezo-electric plate) 

ZI Zo Zo Z2 
ZO+ZI ZO+ZI Zo+ Z2 Zo+ Z2 

If the waves inside the piezo-electric plate strike the boundary, the well-known 
formulae given in Eq. (2.1) apply for their reflection and transmission, together with 
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the rule: phase reversal at reflection on sonically softer material. Further, they 
superimpose upon each other without distortion. 

It is at this stage already no longer surprising that two waves travel in opposite direction in 
the plate, if it is realised that we have come to regard the oscillation of a plate in its funda
mental and harmonic modes as a standing wave which may be composed of two waves travell
ing in opposite directions. This concerned the special case of sinusoidal waves, a limitation 
which is now discarded. Instead of the square waves in Fig. 7.14, any other arbitrary voltage 
and wave form may be used. 

The above rules will now be applied to various boundary conditions and pulse 
forms. First, a short square wave pulse, as in Fig. 7.15, will be assumed in a thick 
plate so that the delay in the plate exceeds the duration of the pulse. Further, let us 

Fig.7.15. As in Fig.7.14, but with re
flection-free matching on both sides 

Fig.7.16. As in Fig. 7.15 but with free boundary on the 
left and reflection-free matching on the right 
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first take the simple case of a reflection-free boundary on both sides, viz. 
Zl = Zo = Z2, which can approximately be realised experimentally by a quartz plate 
sandwiched between aluminium, resulting in the four waves being identical. The 
internal waves pass unimpeded through the opposite faces and completely leave the 
piezo-electric plate (Fig. 7.15). Thus, outside the plate, two identical, opposing 
pulses follow each other at an interval determined by the delay in the plate. 

Figure 7.16 shows the case where the plate on the left borders on air. The wave 
from the right is totally reflected with phase reversal. In Fig. 7.17, however, the 
matching on the right is no longer reflection-free, Z2/Z0 being chosen 0.25, which 
corresponds approximately to quartz/perspex. This results in a sequence of pulses 
which follow each other at the delay distance of the plate, Fig. 7.18 showing the first 
eight pulses on an enlarged scale. The second pulse is always twice as large as the 
first and the later pulses decrease in a constant ratio. 

Other terminal conditions, e.g. the sonically hard termination, can be similarly 
treated. Here, however, only the length of the square wave voltage will be increased, 
again with reflection-free termination on both sides (Fig. 7.19). If the duration of 
the square wave voltage equals the transit time, the sound pressure has the form of 
a square wave oscillation, and if it becomes much longer (or if the piezo-electric 
plate is thin) only narrow pulses remain at the beginning and at the end. Between 
these pulses, the next wave (from the opposite plate surface) exactly cancels the 
first wave because of its reversed sound pressure. In the case of a thin plate, a step 
voltage, therefore, produces only one narrow pulse if the plate has reflection-free 
termination. If the square wave voltage is replaced by a sinusoidal voltage, only a 

1 
Zo 

1. + 1. =0,8 o a 

Fig. 7.17. As in Fig.7.16 but 
with sonicaliy soft matching on 
the right. Z2/Z0 = 0.25 

x_ 

Fig.7.18. The first 8 pulses of Fig.7.17 shown on en
larged scale over path x 
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Fig. 7.19. Excitation of a reflection-free terminated oscillator by square wave voltages of dif
ferent duration relative to the transit time in the oscillator. Pulse duration to transit time T. a 
to < T; b to = T; c to> T; d to:> T (thin transducer plate) 

very low sound pressure remains because two opposing half waves must be added at 
only a slight relative time lag. 

In the case of excitation by several consecutive pulse voltages it is merely neces
sary to obtain the result for a single pulse and to add similar results, shifted accord
ing to the time lag of the pulses, respectively. In this way the sound wave corre
sponding to a given train of sinusoidal waves can be plotted on the basis of the 
result of a sinusoidal half wave and one can thus . determine the build-up and decay 
proccesses also in the absence of resonance. In practice this is done by calculation or 
graphically. 

As far as the receiver is concerned, the following rule applies (Fig. 7.20): 

b 

t 
Q.. 

d L-____ ~~----~~-----L--++~------~-
t-

Fig. 7.20. Reception of a square wave by a piezo-electric plate matched on both sides. Receiv
ing voltage U as a function of time for waves of different length. a Pulse duration to < delay T; 
b to = T; c to > T; d to:> T (thin receiver) 



138 7 Piezo-electric Methods of Generation and Reception 

If an arbitrary sonic pressure wave enters a piezo-electric plate, an electric no
load voltage is produced at its electrodes which is proportional to the area of the 
sonic pressure curve of the wave which has already entered. If several waves are 
propagated in the plate simultaneously, e.g. by zigzag reflection, their areas are 
added with due regard to sign. 

The example in Fig. 7.20a shows a square wave which enters a thick plate (dura
tion of wave shorter than transit time). The area inside the plate (shaded) increases 
linearly, and, therefore, also the voltage. It remains constant as long as the whole 
wave travels inside the plate. Since it has been assumed that the back of the plate is 
matched reflection-free, the wave leaves the plate unimpeded and the voltage, 
therefore, again drops to zero. 

If the wave is longer, it can fill the plate completely and the voltage reaches a 
maximum which persists as long as the plate is filled. Finally, if the wave is very 
long compared with the transit time (Fig. 7.20d), it increasingly resembles the vol
tage curve. Thus, if the back of a piezo-electric plate is matched correctly, and the 
thinner the plate, a sound wave can be transformed into a voltage with increasing 
faithfulness. In this case, however, the amplitude of the voltage decreases with the 
thickness of the plate because the area is reduced. 

Within a real crystal the area of the diagrams filled by the wave of course means the vo
lume. 

In practice it is not an easy matter to terminate a piezo-electric plate reflection
free. If the termination at the back is sonically soft, reflections at this point are pro
duced with phase reversal. A single, short pulse, therefore, produces an alternating 
voltage of decreasing amplitude (Fig. 7.21). 

If one reverses the polarity of a piezo-electric plate, the transmitted pulse also 
reverses its phase, i.e. it starts with a maximum instead of a minimum of sound 
pressure or vice versa. If the same plate also serves as receiver the form of the elec
tric pulse will be the same in both cases. The effect of polarity therefore is only of 
influence if different plates are used. 

Finally, Fig. 7.22 shows a case of practical interest calculated by the method de
scribed; this concerns the transmission from an X-cut quartz plate backed by vul
canized rubber through water, a similar transducer acting as receiver. The exciting 

x-

Fig. 7.21. Reception by a piezo-electric plate with sonically soft termination on both sides, left 
Zo/Zj = 2, right ZO/Z2 = 9. Receiving voltage U as a function of time 
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Fig. 7.22. Transmission of an electric pulse in the form of a damped oscillation with b = 1.75 
from transmitter to receiver in resonance at b = 1.75. Transmitting voltage, sound pressure 
and receiving voltage as functions of time, maxima arbitrarily shown equally large 

voltage, as is frequently done, is the damped oscillation of a resonating circuit with 
the characteristic frequency of the plate. Both the resonating circuit and the plate 
have the damping coefficient b = 1.75, wherein it is assumed that the plate pro
duces no reaction on the resonating circuit and the rest of the generator circuit. 
This applies approximately to quartz with its small electromechanical coupling. 

The example shows how resonance of both the transmitter and the receiver 
changes the original pulse. The build-up is flattened and the decay increased con
siderably. Special attention is drawn to the build-up of the receiving voltage, which 
due to the formation of the area integral is always very flat. The considerable distor
tion of the pulse can be reduced by better damping as well as by off-resonance ex
citation. 

When coupling a transducer to a solid via a thin layer of liquid the problem be
comes more complex due to the multiple reflections in this layer. Basically it can, 
however, also be solved by adding the individual waves according to amplitude and 
phase. It turns out that this considerably changes the resonance curve of the trans
ducer, particularly by the appearance of two peaks. 

Finally, the matching of the piezo-electric plate to the electric transmitter will 
briefly be discussed. Greatly simplified, a piezo-electric plate of thickness d = Al2 
excited at its fundamental frequency can be replaced by its static capacitance Co in 
parallel with an ohmic resistance Rs, as long as the plate is not excessively dis-
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a b c 

Fig.7.23. Equivalent circuit diagram of a piezo'electric plate at resonance (a). If the static 
capacitance Co of the plate (including the capacitance ofthe circuit and the cable) is adjusted 
by means of coil 1.0 to electric resonance, only the effective radiation resistance Rs remains (b) 
and (c) if other losses are neglected 

turbed by contiguous materials (Fig. 7.23). This radiation resistance shown in the 
equivalent circuit, consumes the same energy as radiated by the plate into the con
tiguous material. If the capacitance, as is customary, is balanced by an inductance 
Lu connected in parallel and tuned to resonance, only R. remains. However, it 
should also be taken into consideration that by Lu also the capacitances of the cable 
and the instrument are compensated. If the instrument is changed or the length of 
the cable, this may also change the test frequency [126]. If Zl and Z2 are the acous
tic impedances of the materials adjacent to the piezo-electric plate, the acoustic im
pedance (converted according to [633], where a series circuit was assumed as equiv
alent circuit) is obtainsd from 

1 (C 2(Zl + Z2) h~3) 
R. = Sf~ 16h~3e~e~ + 1T2(Zl + Z2) n, 

where S (m2) is the area of the radiator, fr (Hz) the resonance frequency of the un
damped oscillation, and eo = 8.86 x 10-12 AslVm the universal constant. Typical 
constants c, h33 , er of the piezo-electric material are given in Table 7.1. 

Modem transmitter circuits usually have a very low impedance. Therefore elec
trical matching of a probe is only necessary to the input impedance of the ampli
fier. If these impedances differ very much, a simple inductance connected in paral
lel to the input does not suffice and a transformer is necessary. In addition the 
probe cable has to be terminated with its cable resistance, at least when using long 
cables and high frequencies, so as to avoid interfering reflections in the cable. 

Tuning of the electric circuit to equal the mechanical resonance frequency of 
the plate will not only improve the sensitivity for the frequency used, but also sup
presses interfering frequencies. As we have seen a plate excited by a short shock 
resonates not only at its fundamental frequency, but also in harmonics and cross 
oscillations. These latter are related to the much larger transverse dimensions of the 
plate and therefore have much lower frequencies. So resonance tuning also acts as a 
filter for unwanted oscillations. 



8* Other Methods for Transmitting 
and Receiving Ultrasound 

As well as the piezo-electric effect, other physical properties can be utilized for gen
erating and receiving ultrasound. Although many of these produce weaker signals 
than are obtainable by the piezo-electric effect, they nevertheless offer a number of 
advantages which in special cases make their application in the testing of materials 
useful. In the case of many of these effects the energy is transmitted by electrical or 
magnetic fields which in principle make mechanical contact with the metallic test 
piece unnecessary. The conversion into, or from, acoustic energy takes place in the 
surface of the workpiece concerned. Compared with the piezo-electric oscillator, 
which is coupled to the workpiece, the surface of the work piece forms in the case of 
these "direct" methods a part of the acoustic transducer. The direct or dry methods 
thus require no coupling medium, and so avoid some of the difficulties analysed in 
the paragraph below. 

Wet coupling can introduce various disturbances. Due to the interference of the 
waves reflected at the two interfaces, the transmissibility of a liquid layer depends 
to a great extent on its thickness, and can approach zero if the couplant thickness 
equals a quarter wavelength. Consequently it is necessary to reduce the thickness of 
the liquid layer to a minimum and to keep it constant. This is not easy if the testing 
is carried out at high speed as in some automated installations. When testing hot 
workpieces, the difficulty of finding a suitable couplant increases with the tempera
ture. Finally, a certain amount of wear due to abrasion is unavoidable in all cases 
where the probes come into mechanical contact with the workpiece. 

An ideal method would allow doing without coupling liquid and operate at an 
appreciable distance from the surface, so that the uncertainties of coupling to the 
surface could be avoided, as well as wear and tear. In addition such a method could 
be used on hot surfaces and minimise the problem of protecting the probe from ex
cessive heat. 

A further advantage of the direct methods results from the fact that there are no 
mechanically oscillating components in an electro-acoustic transducer since such 
components have a natural frequency which influences the overall frequency re
sponse. For this reason the direct methods are more suitable for applications where 
a resonance-free frequency range is important, for example, for shock waves. 

The use of effects other than piezo-electricity for the acoustic transformation 
may also prove advantageous for a quite different reason. If different effects are 
used for transmitting and receiving the sound, it will be much easier to protect the 
receiver from direct cross-coupling. 

For instance, if in a given test system an electro magnetic transmitter is used in 
conjunction with an electro static receiving system, the receiver does not react to 
the magnetic field of the transmitter if the set-up is correct. Consequently, an out-
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put signal can be produced only by acoustic pulses coming from the workpiece con
cerned. Here, a receiver using an induction coil would be unsuitable because in 
practice it is impossible to decouple magnetically the transmitting and the receiv
ing coil. 

In the following all possible physical effects suitable for transmitting and receiv
ing ultrasound for the testing of materials will be discussed and the probes which 
utilize these effects will be analysed. 

8.1 Mechanical Effects 

The direct mechanical generation of sound, although not contactless, requires no 
coupling liquid. Sound can be produced in a body by mechanical shock or friction. 
This phenomenon, well known in the audible range, produces a wide frequency 
spectrum with portions in the megahertz range. The spectrum depends on the 
shape, size and material of the objects exposed to the shock. All types of waves are 
generated, most effectively in the range from 100 kHz to 1 MHz. Therefore are such 
methods can be used for testing concrete, cast iron and similar materials. When 
testing concrete (cf. Section 32.5) electromechanical hammers are used as transmit
ters. For the excitation in glued honeycomb structures rotating wire brushes have 
also been used [593]. 

For reception the effect of the sound radiation pressure in liquids (see Section 
1.3) can be exploited. A receiver which uses this principle and which has found 
some application is the Pohlman cell [2]. However, compared with the conventional 
probes, it requires considerable sound amplitudes and a long response time (see 
Section 13.9). 

Pressure-sensitive liquid crystals also permit the reception of sound since their 
optical activity (rotating the plane of polarization of transmitted light) is pressure 
sensitive. 

8.2 Thermal Effects and Laser Techniques 
for the Generation of Ultrasound 

By heating the surface of a body suddenly ("heat shock") the thermal expansion of 
the material produces mechanical stresses and these initiate sound waves. If the 
heating is of very short duration (lasting approx. 10 ns), very high frequencies and 
shock waves can be produced. This requires the thickness of the heated layer to be 
small compared with the wavelength of the sound [552, 1749, 1616]. All kinds of 
sound waves are generated. 

The required energy is beamed onto the surface of the object concerned and 
this can be realized in two ways: 

1. By electromagnetic waves (microwaves, infrared, visible and ultraviolet light); 
2. By corpuscular radiation (electron beams) 
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Fig. 8.1. Shapes of light pulses for excit
ation of sound pulses. a Nd-YAG-Iaser; 
b mode-coupled Nd-YAG-Iaser 

Fig. 8.2. Sound amplitude as function of 
J 10 the laser energy per pulse for a light wave

length of 1.06 J.1m 

The subsequent conversion into heat is effected in several stages which accord
ing to [1572] differ for wave and corpuscular radiation. 

The sound pulse closely corresponds to the shape of the light pulse and by using 
an appropriate type of laser one may influence the Fourier spectrum of the sound 
pulse by the narrowness of the light pulse [1387]. In the range 1 to 30 MHz, which is 
useful for testing materials, suitable laser pulses are shown in Fig. 8.1. For higher 
frequencies up to 100 MHz one can use pulses in accordance with Fig. 8.1 b. 

The relation between the generated sound amplitude and the energy of the light 
pulse for longitudinal ultrasonic waves is given in Fig. 8.2. For low light energies the 
relationship is linear but with higher energies a plasma layer is built up on the sur
face which increases the sound pressure considerably. This range in Fig. 8.2 goes 
from 0.3 to 1.0 J, energies commonly used for materials testing. In this range sound 
pressures can be reached of the same order as those produced by piezo-electric gen
erators, and without damaging the surface of the specimen. 

Fundamentally, incident light pulses can excite all types of sound wave, but 
there are possibilities of exciting certain types preferentially (Fig. 8.3). For example 
longitudinal waves are generated when the surface is covered by a plasma 
(Fig.8.3b). 

The reason for this effect is to be found in the recoil forces of the plasma. If it is 
required to generate surface waves preferentially a shock must be applied to the sur
face only over a length small compared to the required wavelength, especially by us
ing a short rise-time of the light pulse. A directional surface wave is obtained by 
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Fig.B.3. Excitation of ultrasound without <a) and with (b) plasma on the surface 

such excitation on narrow parallel lines by using appropriate slotted diaphragms in 
the laser beam. 

One of the advantages of using laser-pulse excitation is the possibility of using 
large operational distances of up to 10 m. A further advantage arises from the fact 
that the velocity of light is high compared to that of sound, which means that all 
parts of an excited surface area are in practice struck simultaneously. The gen
erated pulse is therefore independent of the angle of the incident light and hence 
also the angular directivity of the generated ultrasonic pulse does not depend on it. 
This may however, be influenced by appropriate shaping of the excited surface 
area. From a very small area we obtain a point source (see Fig.4.23 in Section 4.4) 
but from a larger area high-frequency ultrasound is radiated more directionally and 
low-frequency longitudinal waves propagate in a more spherical shape. Within the 
large frequency range of a shock wave all this happens simultaneously. 

A certain directivity can be obtained by excitation of narrow separated strips 
which work for selected sound frequencies as the analogue of an optical grating 

Laser radiation 

n·l 

Fig. B.4. Radiation of sound at an 
angle to the surface 

OSCillating electrode 

Fig. B.S. Electrostatic transmitter 
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(Fig. 8.4). If the strips are separated by the distance d the Huygens' wavelets add up 
in the correct phase at angles for which: 

. nA 
SlDlX=d 

(n is an integer, A. wavelength of ultrasound). 
By using Huygens' principle we can also calculate the angle of an oblique beam 

generated by using constant delay times between adjacent strips or for the case in 
which a complete excitation pattern is moved along the surface at a certain 
speed. 

The temperature of the surface has no noticeable influence. 

8.3 Electrostatic Methods 

Between the plates of a charged capacitor there are attracting electrostatic forces 
[28]. This effect may be used for direct excitation of sound in a specimen or for the 
construction of a transmitter probe. In the first case an electrode can be held at a 
small distance from the surface of a metallic specimen and subjected to an alternat
ing voltage. The mechanical force on the surface generates an ultrasonic wave at 
the same frequency as the voltage [906]. Because the forces are perpendicular to 
the surface, longitudinal waves perpendicular to the surface will be preferentially 
produced. The resulting amplitudes are usually very small but rather high frequen
cies and shock waves can be generated by this method. 

To build such a transmitter probe a thin metallic diaphragm is mounted at a 
small distance from a solid metallic electrode as in Fig. 8.5. The radiated ultra
sound can be directed into a liquid or even into solids by using a coupling layer. 

The effect can also be used for receiving sound by using it in reverse. The vol
tage across a capacitor energised by a constant electric potential will change if the 
distance between the electrodes is altered [1518]. 

8.4 Electrodynamic Methods; EMATs 

These methods which are also called magneto-inductive methods, are based on the 
so-called Lorentz force. This is the force F which acts on a charge e moving in a 
magnetic field of induction B at a velocity v [28, 580]. The following law applies: 

F- e' v x B. 

Transmitting by Means of a Superimposed Magnetic Field 

A coil through which an alternating current flows (L) is placed on an electrically 
conducting body (Fig. 8.6) in which an eddy current is induced of density g (deter
mined bye' v) in the small unit volume d V. In this case the force 

F-gXB 
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i. dV 

g,f--B 
F 

Fig. 8.6. Electrodynamic generation of 
longitudinal waves 

------------
Fig. 8.7. Electrodynamic generation of 
transverse waves 

acts on d V. Here attention should be paid to the directions: the vectors g, Band F 
are at right angles to each other and g opposes the current i_in the coil. By choos
ing the direction of the magnetic flux B one can produce either longitudinal or 
transverse waves. If B is oriented parallel to the surface, Fig. 8.6 shows that the 
force F is perpendicular to the surface and this results in the generation of longit
udinal waves. 

If B is at right angles to the surface (Fig. 8.7), F is oriented parallel to the sur
face, as indicated in Fig. 8.7, and the result is that transverse waves are generated. 

The generated sound has the same frequency as the alternating current. The ef
fect produced concerns a volumetric force and due to the finite penetration depth 
of the alternating magnetic field [28] the necessary condition, that the thickness of 
the excited layer is small compared with the wavelength of the sound, is fulfilled for 
ultrasonic frequencies. (Penetration depth here means the depth in the material at 
which the current has decayed by a factor lie). 

This principle can be utilised for the construction of a transmitting probe by 
placing a flat coil on an electrically and magnetically conducting diaphragm and by 
orientating the magnetic field as required. Of greater importance, however, are the 
direct methods using the same principle. 

The probes used are designated EMAT (electromagnetic acoustic transducer) or 
sometimes EMT or EMUS. A survey is given in [492], cf. also [S 77]. 

Figures 8.8 and 8.9 show the construction principle for testing equipment of 
this type. The transmitting coil is placed directly on the workpiece which must be 
electrically conducting. In the drawing. the necessary superimposed magnetic field 
is produced by a permanent magnet. However, since this effect is weak, attempts 
have been made in practice to increase the efficiency by making the direct field 
stronger. Electromagnets including those operating by pulsed excitation [465], and 
even super-conducting magnets up to 11 Tesla (11 T = 110 kG) [1585] have been 
used. 

In the case of the most commonly used flat spiral coils the sound pressure un
der the centre of the coil has a minimum because the magnetic fields of adjacent 
sections of the conductors cancel each other at this point. 

In practice the maximum working distance is of the order of 1 mm since with 
increasing probe distance the amplitude of the sound pressure decreases along with 



Fig. 8.8. Direct magnetic generation 
of longitudinal waves in the magnetic 
field B parallel to the surface 
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Fig.8.9. Direct magnetic generation of 
transverse waves in the magnetic field B 
perpendicular to the surface 

both the magnetic field of the AC coil and the DC magnetic field. Due to their dif
ferent geometries these two fields obey different distance laws and in addition the 
inductance of the coil changes with distance. Due to the complex interaction of 
these three effects the decrease in amplitude with distance depends to a large ex
tent on the prevailing test conditions and cannot be expressed by a simple law. For 
relevant measurements see for instance [33, 1003] where the dependence of the in
tensity on the DC magnetic field is discussed. 

In both the arrangements illustrated in Figs. 8.8 and 8.9, the sound waves are 
preferentially radiated perpendicular to the surface. The directivity of the longitudi
nal wave produced in Fig. 8.8 is similar to the beam shown in Fig. 4.15. The trans
verse wave produced in Fig. 8.9 has, on the other hand, zero amplitude in its axial 
direction and two symmetrical lobes as shown in Fig.4.23. The reason is that its di
rection of polarisation is parallel to the surface but lies radially from the centre 
point of the probe. Attention must be paid to this fact when a reflector has to be lo
calized (see also [1057]). 

The efficiency of the conversion of electrical into acoustic energy is 10-3 [580] 
for a DC field of 1 Tesla (10 kG). If the sound is also received by an identical device 
(see below) the signals are in consequence at least 50 dB [331] to 100 dB [158] be
low those obtained with conventional probes. 

If the surface is excited by several staggered conductors, particular types of wave 
and directions of propagation (for example, plate waves, [924]), can be produced 
due to interference of the waves produced under the individual conductors. 

By spacing the current conductors at distances of 114 wavelength of the sound 
and by feeding current pulses which are in phase quadrature relative to each other, 
preference is given to the radiation of the sound waves in one direction only, see 
Fig. 8.10. 
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Fig. 8.10. Magnetic excitation of plate waves 

By such measures it is also possible to reduce the band width of the sound spec
trum in order to suppress harmonics [924]. For details of the sensitivity, directivity 
and the types of wave which can be generated by an EMAT see [1057]. 

For a theoretical treatment of the directivity see for example [777, 1172]. Fur
ther experimental results are given in [314, 160,467, 1746, 1747,493, 1319, 710, 
1068, S 6]. [S 109] gives a comprehensive survey on EMATs with many refer
ences. 

Transmitting without a Superimposed Magnetic Field 

If the superimposed magnetic field B in the arrangements described above is omit
ted a force nevertheless acts on d V because the current L in the coil has its own 
magnetic field and thus produces at d V an induction B_. As shown in Fig. 8.11 this 
results in the generation of longitudinal waves. 

Since in this case B oscillates at the same frequency as i _, F always has the 
same direction, viz. that of a repelling force between coil and material. The sound 
has double the frequency of the current in the coil, since both B_ and g increase 
with i_and F increases in proportion to i:'. In addition the force depends on the 
distance of the coil and the conductance of the material concerned. 

As shown above, this effect results from the repelling force between two currents 
flowing in parallel directions. The eddy currents induced in the material can also 
be replaced by a second coil through which a corresponding current flows. By this 
arrangement DC pulses (shock waves) can also be transmitted. 
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Fig. S.ll. Magnetic generation of longi
tudinal waves without superimposed mag
netic field 
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Fig. S.12. Magnetic transmitter for 
longitudinal ultrasonic waves without 
superimposed magnetic field 

The magnitude of the force depends only on the numerical value of the product 
B· g. In earlier cases B was chosen as large as possible whereas g was kept rela
tively small. In the method just discussed the current in the coil should be as strong 
as possible in order to maximise both Band g, the pulse technique permitting the 
application of high currents without overloading the coil. This obviates the use of 
large and heavy magnets and simplifies the construction of the probe shown in 
Fig. 8.12. 

According to [375] the sound transmitter consists of a fixed flat spiral coil fac
ing a copper diaphragm. The strong current pulse is produced by the discharge of a 
capacitor and a triggered spark gap in air serves as a switch. This is shown schemati
cally in Fig. 8.12, but in practice, alternative circuits for the formation of the pulse 
can be used. 

Due to the skin effect and the increased inductance the amplitude decreases 
uniformly with increasing frequency. On the other hand, this method can be used 
at low frequencies, around 100 kHz, in order to produce considerable sound ampli
tudes. 

Consequently this probe is particularly suitable for testing concrete and similar 
materials. 

According to experience the effect lends itself also to the direct generation of 
sound in conductive specimen. The coil is placed on the work piece concerned and 
a strong current pulse is passed through it. Also in the case of this method direc
tional radiation of a wave is possible by means of a suitable, spatial arrangement of 
the conductors and an appropriate phase shift. 

Reception 

For ultrasound reception a superimposed magnetic field is indispensible and the ar
rangement is identical to that used for transmission. Various authors have already 
described pulse-echo methods using the same arrangement for transmitting and re
ceiving in an analogous way to the use of a piezo-electric probe. If the unit volume 
d V (cf. Fig.8.6 or 8.7) moves in response to a force F in a magnetic field B, an eddy 
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current of density g flows which induces a voltage in the applied coil. In a similar 
way to sound transmission, the direction of the magnetic field determines whether 
longitudinal or transverse waves will be received. The induced voltage has the same 
frequency as the mechanical oscillation, and it increases with the magnetic field, 
but for fields which can be generated economically, it is smaller than that produced 
by piezo-electric probes. 

In the direct method the air gap between workpiece and receiver coil should be 
kept as small as possible and not greater than about 1 mm. Over a limited range the 
decrease of the signal with increasing distance can be compensated by the simul
taneous inductance increase. This requires that the receiver coil is matched electri
cally in such a way that its resonance frequency is greater than the sound frequency 
when the coil is in contact with the material, so that, if the coil is lifted off, its re
sonance frequency decreases and approaches that of the sound frequency. This in
creases the electrical signal and partially compensates the reduction resulting from 
the increased distance. 

The sensitivity of this method is too low for the detection of small flaws but is 
adequate for measuring wall thickness. Another special application, viz. the mea
surement of the directivity of piezo-electric probes, has been described in [1646], 
(cf. also [1711 and 162] and Section 10.5.4). 

8.5 Magnetostrictive Methods 

Nearly all ferromagnetic materials are deformed mechanically when placed into a 
magnetic field. This phenomenon is called magnetostriction [2]. 

If this deformation of the material occurs at constant volume, it is called linear 
magnetostriction but if the volume changes it is volumetric magnetostriction. In 
practical applications the linear effect is much stronger than the volumetric effect 
but both reach a maximum value at the magnetic saturation of the material con
cerned. Linear magnetostriction occurs below the Curie point, whereas above this 
temperature only volumetric magnetostriction is observed. 

Transmitting 

In the case of linear magnetostriction the deformation occurs mainly in the direc
tion of the field. It depends on the magnetostrictive constants of the material which 
are in turn complex functions of the temperature, the magnetic state and the previ
ous treatment of the material concerned. 

This effect is independent of the sign of the magnetic field and if an alternating 
field is applied it results in the generation of sound of twice the frequency. In the 
case of material with an approximately linear magnetostriction curve (deformation 
as function of the magnetic field) the working point can be shifted by applying an 
additional magnetic DC field H ~ > H _ in such a way that sound of the same fre
quency is produced. 



8.5 Magnetostrictive Methods 151 

Due to the finite depth of penetration of the alternating magnetic field the ef
fect is limited to the surface of the material. The generation of sound depends also 
on the intensity of the alternating magnetic field in the surface layer. Close coup
ling between the source of the magnetic field and the surface, is therefore essen
tial. 

In practice, magnetostrictive transmitter probes have been utilized already for 
the generation of sound of high output at low frequencies (around 100 kHz). For 
the excitation it is necessary to magnetize the magnetostrictive body in the direc
tion of the radiation and as in the case of piezo-electric oscillators, magnetostric
tive oscillators are operated at their natural mechanical resonance in order to am
plify the desired effect. Since at 200 kHz the oscillator is still only approx. 1 cm 
thick in its direction of oscillation, this makes it necessary to magnetize a disc in 
the direction of its thickness. In order to keep the losses small at the high frequen
cies concerned, the oscillators consists of thin sheets, as in the case of transformer 
cores, into which holes are punched for the winding (Fig. 8.13). 

When testing ferromagnetic materials the magnetostrictive effect can also be 
used for the direct excitation method. The efficiency of the electro-acoustic transfor
mation depends on the magnetostriction parameters. Conversely, the achieved effi
ciency, i.e. the amplitude of the signal, also permits deductions concerning the 
magnetostriction parameters. A suitable working point on the magnetostriction 
curve can be reached by superimposing a direct magnetic field. If the amplitude of 
the signal is plotted as a function of the direct magnetic field, this furnishes a dif
ferentiated magnetostriction curve of the material concerned. Curves of this type 
depending on the material, may differ greatly. Consequently, a definite form of the 
curve is characteristic of a material of definite composition and pretreatment. This 
method, therefore, is suitable not only for the detection of flaws and for thickness 
measurements, but also for the identification of materials and for tests to prevent 
mix-ups [754]. 

The statement in Section 8.4 concerning the dependence of the sound ampli
tude on the distance between transmitter coil and surface of the test piece applies 
also in this case. Without a superimposed direct field the counteracting effect eli
minates the influence of the distance of the coil on the amplitude of the sound as 
long as the alternating field exceeds that required for the magnetic saturation of the 

Fig. 8.13. Assembly of a magnetostrictive 
transducer 
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Transmiller coil 
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\ 

Current impulse 

Pulse of rod waves 

Fig. 8.14. Focussed radiation of plate waves 
Fig.S.lS. Magnetostrictive testing of steel rod or wire 

material. Exactly as in the case of the magneto-inductive method the preferential 
radiation in a given direction is controlled by a suitable geometrical arrangement 
and energising of the linear elements of the coil. The coil may be of special design 
and thus, for instance, can radiate focussed plate waves. Figure 8.14 shows the 
principle of this application. 

Also the excitation of rod waves as in Fig. 8.15 becomes understandable. 

Reception by Magneto-Elastic Effects 

Sound waves are received by magnetostrictive material due to the magneto-elastic 
effect, because elastic stresses arising from the. sound waves influence the magnetic 
properties. In the presence of a magnetic field this changes the density of the mag
netic flux and induces a voltage in a coil placed on the surface of the material con
cerned. For reception it is thus necessary to premagnetise the material by means of 
an external field. Also in this case it is necessary to shift the working point to the 
most favorable (i.e. the steepest) part of the magnetostriction curve. The effect ob
tained is limited to the surface by the skin effect. The direction of the magnetic 
field should coincide with the direction of the elastic stresses produced by the 
sound. 

It seems feasible to construct magnetostrictive probes by using a suitable mate
rial (Le. ferrite) which has been developed for operation in the MHz range but so 
far no practical application for routine tests has been reported. 

The direct method is however already being applied in the "Ferrotron" instru
ment, Section 25.1. 

Reception due to a Modulated Stray Flux 

If the surface of a ferromagnetic material contains a crack, a stray flux appears at 
this point if the specimen is magnetised at right angles to the crack. This means that 
the lines of force are densest at the crack on the surface. If sound is transmitted 
through this specimen which reaches the area around the crack, the stray flux will be 
modulated via the magnetoelastic effect at the same frequency as the ultrasound. 
This modulated stray flux can be picked up by an induction coil [755]. 

In the Ferrotron instrument (see Section 25.1) a combination of several direct 
magnetostrictive methods is used for detecting flaws in wires. This concerns a com-
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bination of surface waves and rod waves which move spirally around the wire and 
which are recorded by means of the magneto-clastic effect as in the case of the 
modulated stray flux. Direct magnetostrictive methods, with most materials, give 
signals which are stronger than those produced by the magneto-inductive meth
ods. 

8.6 Optical Methods and Laser Techniques 

These concern the effects of sound on light waves and consequently, these methods 
can be used only for reception. Methods have been developed which evaluate the 
spatial distribution of the sound field and which make it visible. They are discussed 
in Chapter 13. The subsequent electronic processing requires that the effects are all 
converted into an amplitude modulation of the light. This furnishes an electric 
signal which can be picked up by a photo-electric cell. 

Reception 

We start with methods in which the effect of sound deflects the light from its origi
nal direction or position. If a beam of light impinges on a photoelectric cell of lim
ited receiving area (case a, Fig. 8.16), this cell will receive less light if the beam is 
deflected (case b). The effective receiving area can be limited by a diaphragm, or by 
the edge of the cell. The fluctuations cause the photoelectric cell to furnish a corre
sponding signal. The deflection of the light can be realised in different ways. 

If it occurs on the surface of the work piece, this permits the application of di
rect methods. This possibility will be discussed first. 

In the case of a piston-like movement of a reflecting surface an oblique beam of 
light is shifted sideways. If the surface is deformed when exposed to sound, this 
causes tilting of the surface elements by a small angle. Beams of light reflected 
from these surface elements are deflected at twice the tilting angle. In this way Ray
leigh waves can be made visible [55]. This method presupposes optically reflecting 
surfaces. 

If rough surfaces are illuminated by laser light the reflected beam consists of 
irregularly distributed bright spots in its cross-section, the so-called "speckle pat
tern". By movements of the surface these spots fluctate and reception is possible us
ing a diaphragm and a photo-cell. 

In transparent bodies the light is deflected by a sound wave because the index 
of refraction varies as function of the pressure (Debye-Sears effect) [2]. A sound 

Electr. signal 

-beam ----~-KJ 
Diaphragm Fig.8.16. Amplitude modulation with deflection 

of light 
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li; Source oflight ll' L2 ; Lenses S; Schiiere 
B ; Diaphragm F; Photoelectric cell 

Fig.8.17. Path of rays in the schlieren
optical system 

wave therefore causes zones in which the local index of refraction is different from 
its value in the surrounding space. 

To detect such zones the schlieren-optical method is used. The basic path of rays 
according to [2,1638] is shown in Fig. 8.17. 

A point-like source of light, Li, produces via the lens Ll an image on the so
called schlieren diaphragm B. If this image appears undisturbed, the entire light 
from Li through Ll is intercepted by B and no light falls on F. If a zone of changed 
refractive index (schliere) occurs between Ll and B, the light at the edge of the 
schliere is deflected by refraction from its original direction and the rays by-passing 
B are focussed by lens Lz onto the photo-electric cell F where the brightness is pro
portional to the sound pressure. 

If for example an ideal shock wave (a DC wave) passes through the body the wave 
front generates a moving layer with a changed refractive index. In the case of a 
wave consisting of multiple oscillations the various layers produced act as a moving 
optical grating. The spatial structure of the index variations deflects the light into 
several orders of diffraction (Fig. 8.18). The dimension of the wave fronts in the di
rection of the light propagation should be not too large. The grating constant is 
equal to the wavelength. 

The grating in this case acts as a phase grating. The Huygens' wavelets scattered 
at the extremes of pressure, or refractive index, combine into the different orders of 
diffraction in a way similar to an amplitude grating (Raman-Nath diffraction) [307, 
935] see also [3]. 

For the angle of deflection oc at perpendicular incidence of the light on the grat
ing the following applies: 

. nl 
SlOOCn = 2A 

(n order of diffraction, l wavelength of light, A grating constant = wavelength of 
sound.) 

Deflection cell 

Sound wave Photoelectric cell 
Fig. 8.18. Diffraction of light by the 
sound field 
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K = Probe 
I = Deflection cell 
P = Work piece 
8 = Diaphragm 
F = Photoelectric cell 

Fig. 8.19. Ultrasonic probe using the 
method of Fig. 8.18 

The sound pressure influences the contrast of the light pattern and hence the in
tensity of the different orders of diffraction. [935] 

The use of this effect for sound receiving probes offers some advantages 
(Fig. 8.19). The sound is introduced into the diffraction cell which is filled with a 
suitable liquid, for example xylol. A powerful light source, for example a laser, 
should be used. Within certain limits the signal from the photocell increases with 
both light intensity and sound pressure and much stronger signals can be obtained 
than is possible with piezo-electric receivers. 

Another advantage of the system is its insensitivity to electrical interference 
and in addition the sound field is not disturbed by the act of measurement. By us
ing the arrangement of Fig. 8.19 it is also possible to measure the sound amplitude 
of a piezo-electric transmitter before entry into a test specimen, as well as of the re
flected sound. 

By a special optical arrangement it is possible to obtain an electric output in the 
form of an alternating voltage at the sound frequency, or at an harmonic, or even in 
DC form. 

The diameter of the light beam should be close to the sound wavelength [76]. 
The schlieren-optical method can also be used for making visible the sound 

field as a whole [2, 602]. 
We encounter another diffraction effect of light by a sound wave if the grating 

(Le. the wave front) is large compared to the sound wavelength in directions both 
parallel and perpendicular to the light beam, cf. [797, 637]. This case corresponds to 
the Bragg diffraction of X-rays by a crystal. Similar equations describe the effect in 
the case of sound, which can also be used for producing an image of the whole 
sound field (Chapter 13). The principle is a reflection of the light beam at grazing 
incidence onto the wave fronts (Fig. 8.20). 

If the light strikes the wave fronts at the angle an then according to [44] it is dif
fracted at the same angle when: 

2 

. nA 
sman = 2A 

Fig. 8.20. Bragg diffraction of light in a 
sound field. 1 diffraction cell, 2 sound beam, 
3 incident light, 4 diffracted light 
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A sound wavelength, A light wavelength, n order of diffraction. 
The majority of the light is diffracted into the first order spectrum and since the 

angle of incidence equals the angle of diffraction it is also possible to speak of 
Bragg "reflection". The light propagates as though it was being reflected by the 
wave fronts acting as plane mirrors. 

A further possibility for the reception of sound is the photo-elastic effect which 
can influence the amplitude modulation of light. Many transparent materials be
come double-refracting when mechanical stresses are applied. This means that their 
refractive indices, for light polarized parallel and perpendicular to the direction of 
stress, are different [2, 13]. The plane of oscillation of polarized light will be rotated 
as a function of the applied pressure, which in the case of sound is the sound pres
sure, and this can be measured by using a polarizing filter (analyser) which allows 
light of only a certain direction of polarization to pass (Fig. 8.21). 

A block of material having strong photo-elasticity is illuminated by a polarized 
light beam. The polarization filter placed behind does not allow any light to pass as 
long as there is no double refraction in the block. An ultrasonic wave passing 
through the block causes a rotation of the plane of polarization of the incoming 
light and hence an electric signal in the photocell. The signal is within certain li
mits proportional to the ultrasonic amplitude. 

In this way a probe similar to that illustrated in Fig. 8.19 could be built, but the 
effect is of greater importance for imaging the complete sound field within a trans
parent model made of a photo-elastic material. This serves as a mock-up for a spec
imen of complicated shape so that it is possible to analyse the propagation of ultra
sound in its interior (see Chapter 13 and [598]). In this case it is possible to 
distinguish between longitudinal and transverse waves by rotating the plane of po
larization of the light, since the double-refraction effect depends of the relative di
rections of polarization and stress. 

We will now deal with methods of sound reception where the physical displace
ment of the surface is used to create optical effects. 

The sound signal within a material can be detected at the surface by using a la
ser beam. The back-scattered light undergoes a Doppler effect caused by the velocity 
of the oscillating surface. This is a frequency change which can be transformed into 
amplitude at the flank of an optical filter. Very steep flanks are provided, for exam
ple, by the absorption lines of iodine vapor in a cell with saturated absorption but 
nevertheless the overall sensitivity is not sufficient for most practical tasks. 

The sensitivity of another optical method is, however, some powers of ten 
higher. This is the optical interference method which can be used in, for example, a 
Michelson interferometer. 

Fig. 8.21. Receiver probe using the photo-elastic 
effect 
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a 

Fig. 8.22. Principle of the Michelson interferometer. a With a specularly reflecting specimen; 
b on a rough surface. 1 photo-electric cell, 2 laser, 3 reference mirror, 4 beam splitter 

In this the incident light is partially superimposed by the reflected light which is 
frequency modulated by the vibrations of the surface under test. The frequency dif
ferences detected at the output of the interferometer appear as a light signal falling 
onto a photocell (Fig. 8.22). 

A laser beam is used to illuminate the surface of the specimen via an optical 
beam splitter and the split-off part, or reference beam, travels to the photo-electric 
cell via the reference mirror. The light reflected from the test surface is also re
turned to the photocell where it is superimposed onto the reference beam. Because 
of the Doppler effect caused by the oscillating surface the input to the cell is bright
ness-modulated [76]. 

To be properly superimposed the wave fronts of each beam have to be of exactly 
the same form over their whole sections. This is a very difficult condition to achieve 
and is not fulfilled if the specimen's surface is somewhat oblique or rough. If (as in 
Fig. 8.22 b) the illuminated spot on the surface is kept very small by using a focuss
ing lens, certain minor roughnesses may be allowed, but in most practical cases the 
method is not very useful. 

Another type of interferometer has been developed which avoids these handi
caps (Fig. 8.23). 

- a 

Fig. 8.23. Principle of a transit-time interferometer. I photo-electric cell, 2 laser, 3 specimen, 
4 mirrors, 5 beam splitter, T semi-transparent mirror 
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Fig. 8.24. Ultrasonic test system with la
sers. 1 illuminating laser, 2 transmit
ting laser, 3 interferometer, 4 speci
men, 5 signal processing 

Part of the light reflected, or scattered, from the surface of the specimen takes a 
longer path a and part a shorter one b to the photocell. The light wave front taking 
the longer path via a is somewhat delayed compared with the other travelling via b. 
Thus at the photocell two wave fronts of the beam are superimposed, each of which 
struck the oscillating surface of the specimen, but with differing phases of the ultra
sonic oscillation. If the time delay corresponding to the velocity of light by the a -
path is equal to exactly half the oscillation time of the ultrasonic wave at the sur
face, then the first wave front undergoes the Doppler effect in opposite phase com
pared to the second. The wave fronts in both cases are nevertheless unchanged and 
identical and the interference at the photocell in this case is optimum. If the paths 
are adjusted to give full darkness at the cell when the ultrasonic oscillation is zero, 
it will give full brightness when oscillating ultrasonically. 

For ultrasonic frequencies between 1 and 30 MHz a time delay for the light of 
25 ns is useful but below 100 kHz the sensitivity is zero. Therefore any movements 
of the specimen are not disturbing, cf. [739]. The complete system (Fig. 8.24) con
sists of the illuminating laser, the sound-generating laser and the interferometer. 
The sound-generating laser emits high power pulses of about 20 ns in length and on 
the surface they generate ultrasonic pulses in the frequency range 1 to 30 MHz. The 
optical frequency of this laser is arbitrary over a wide range. The illuminating laser 
operates in a quasi-continuous mode with a long pulse lasting at least for the whole 
transit time of the ultrasonic pulse. It illuminates the area of the surface where the 
ultrasonic echoes must be detected. The back-scattered light modulated by the 
echoes is anlysed by the interferometer as explained above, converted to electric 
signals and displayed on an oscilloscope screen (see Chapter 10). 

Because of the extremely short ultrasonic pulses the echo resolution is very 
high, and Fig. 8.25 shows an example of the back echo of a thin plate. 

The distance separating the whole system from the specimen may be up to 10 m 
or if one makes use of glass fibers to transmit the light signals it may be even larger. 
This is of importance since the system has a rather large volume. In this case, a 
mechanical scanning system has to be installed near to the specimen. 

The advantages of the method which are contactless testing with high resolution 
but without high demands on the quality of the surface, allows new applications of 
which the testing of red-hot surfaces may be mentioned. As an example Fig. 8.26 
shows a method testing red-hot ingot surfaces for cracks in which transmitter and 
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Fig. 8.2S. Screen display from a test with the 
laser system in Fig. 8.24 on a plate 1.2 mm thick 

Fig. 8.26. Testing of ingots at red-heat for 
surface cracks by the laser system, showing 
schematically the influence of a crack on a 
short wavelength (1) and a longer one (2) 

receiver lasers work on separated parallel strips A and B. The short-wavelength sur
face wave will be more affected by a crack than will the longer one, and this pro
vides a method of discrimination between cracks of different depths. 

Further examples of applications are wall-thickness measurements on thin
walled tubing and on hot tubes during manufacturing, the testing of bonded joints 
in aircraft structures, and the detection of micro-shrinkage in metals and ceramics. 
For the latter purpose ultrasonic pulses of 50 to 500 MHz are provided which can 
be generated in the form of shock pulses with a length of only 100 ps. As the sound 
generating laser in this case so-called mode-coupled lasers are being used. The test 
spot is reduced to a diameter of some tenths of a millimetre. 

Concerning the application of lasers for ultrasonic testing cf. [S 112, S 116, 
S 173, S 77, 1387, S 112, S 106, S 105]. In [S 132] laser pulses have been used to 
measure both ultrasonic velocities in powder metallurgic composites for the evalua
tion of their elastic constants. 



PartB Methods and Instruments Usedfor 
Ultrasonic Testing of Materials 

9 Historical Survey of Developments 

9.1 Survey and Tabular Summary 

Table 9.1 lists all current methods of ultrasonic testing of materials. They are cate
gorized by reference to three basic criteria: namely the type of primary meas
ured quantity, the form of radiated ultrasound used (continuous wave or pulses) 
and the effect of an anomaly within the material under test or on its surface. Based 
on the presentation in the Table, each method will be discussed to an extent de
pending on its practical importance. 

The pulse-echo method which is the most important one will be described first. A 
material inhomogeneity, when illuminated by a pulsed ultrasonic beam, reflects an 
echo which is picked up by a receiver probe. The primary measured quantities 
are therefore the amplitude of this echo and the transit time of the pulse from the 
transmitter to the reflector and back (Chapter 10). 

If only the transit time, or a corresponding frequency, is made use of so that the 
amplitude need only reach a minimum detectable value, we have the transit-time 
method. (Chapter 11). If in this case continuous ultrasound is used instead of pulses 
we have the resonance method (Section 11.3.1) or the phase-measurement method, 
(Section 11.4) in which inhomogeneities of the material also act as reflectors. 

In the shadow method (Chapter 12), as known from X-ray diagnostics, an inhom
ogeneity between transmitter and receiver produces a shadow which influences the 
sound amplitude. The method is also called through transmission and the primary 
quantity to be measured is the amplitude. This method can either be used 
with pulses or with continuous sound. Historically the latter variant was the first 
method used in an attempt to imitate X-ray fluoroscopy or screening. Because, 
when using X-or Gamma-rays, the intensity on the screen or the photographic film 
is important, we can in the case of ultrasound also speak of the intensity method, 
though in physical terms piezo-electric receivers measure the sound pressure ampli
tude and this is proportional to the square root of the intensity. 
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If in addition to the amplitude the phase of the received sound is also measured 
we have the method called acoustic holography which is an anlogue of optical holo
graphy (Section 13.14). It can be carried out with either continuous or with pulsed 
ultrasound. A material inhomogeneity will be indicated by both its shadow effect 
and by its echo. 

In principle all the methods mentioned above may be used for imaging methods 
(Chapter 13), by further electronic processing of the primary quantities to form 
an image. There are in addition a number of other methods, where the piezo-elec
tric effect is used in other ways and also where it is used only for generating ultra
sound as, for example, in the schlieren method. 

The method of acoustic-emission analysis (Chapter 14) plays a special role in 
which the primary quantities are the amplitudes and pulse transit times of 
sound energy emitted by the inhomogeneity itself when it changes its shape. This 
method is also called therefore a passive method, the only one mentioned here. 

With the frequency-modulation method an inhomogeneity acts as a reflector, as 
in the pulse-echo method, but continuous sound is used with a periodically modu
lated frequency (Section 10.7). 

9.2 Historical Development 

1929 may be considered as the year of birth of ultra-sonic materials testing because 
it was then that Sokolov first proposed using the shadow method with continuous 
waves to detect defects in solid materials [1441]: cf. Fig. 12.2. Mtihlhiiuser obtained 
in 1931 the first patent for an instrument working with the shadow method [1071]. 
Further names associated with this development are Kruse [862, 863], Meyer and 
Bock [1026] Czerlinsky [283, 284], G6tz [543] and Shraiber [1411], all using labora
tory-built devices with transducers made from piezo-electric quartz plates. The 
high-frequency generators used for producing potentials up to several hundred volts 
in some cases, were frequency modulated either mechanically, using rotating COn
densers, or electronically using noise generators [283]. The latter methods were 
used to avoid the production of standing waves. The amplifiers and indicating in
struments used were standards of the time and to avoid direct crosscoupling be
tween transmitter and receiver they were usually built separately and with effective 
shielding. 

Such laboratory-built instruments were also used for the first practical testing of 
steel boiler plates for laminations during the second world war by the companies 
AEG and Borsig in Berlin. The method used was the shadow technique with, fre
quency modulation. The instrument was designed by Berthold and Trost [1534], 
(see also Fig. 9.6 in the 3rd edition of this book). 

Series production of instruments for using the shadow method started after the 
war at the companies ACEC of Charleroi, Belgium, and Dr. Lehfeldt and Co. of 
Heppenheim, Germany. 

The first experiments for imaging methods also started in the 1930s. The first of 
these, which transformed the sound pressure into a visible image was the Pohlman 
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cell (cf. Section 13.9 and [1202, 1203]). A complete device using this cell, the Schall
sichtgeriit, was used before 1945 to test steel plates. It had a very large visual field of 
500 mm diameter but it found no further practical applications in later years. The 
principle of the Pohlman cell has recently been used by Ogura et al. [1138] and by 
Cunningham and Quate in 1972 [280], the latter using a frequency of 1000 MHz for 
ultrasonic microscopy with the shadow method. 

The principle of the relief method came in 1936 from Sokolov [1442], (Section 
13.1). Sound waves at high ultrasound intensities reflected from an immersed 
specimen onto the water surface generate ripples. This "image" can be observed with 
special illumination and the method has been developed for frequencies between 
50 and 100 MHz for commercial applications as an ultrasonic microscope. (SLAM 
= scanning laser acoustic microscope or sonomicroscope by Sonoscan, USA). 

Another proposal by Sokolov in 1937 [1444, 1445] was to make visible the elec
tric-charge distribution on a piezo-electric disk used as a receiver. Electronic scan
ning would make the charge pattern visible by presentation on a CR-tube screen 
(Sokolov camera), Section 13.10. 

To avoid the disadvantages of the shadow method when using continuous waves 
Sokolov proposed in 1941 the frequency-modulation method [1445] (Section 10.7). It 
was however soon overtaken by the pulse-echo method and has not found further 
applications. 

For completeness we also mention the phase-measuring method of Hatfield used 
from 1952 for thickness and velocity measurements [622]. Continuous waves are 
used and the phase of an outgoing wave is compared with that of a reflected one. 

Sound-emission analysis was first recognized as a possible means for non-destruc
tive testing of materials by Kaiser [744]. The first trials to use it in a quantitative 
manner were made by Mason, McSkimin and Shockley [994]. Though much work 
has been carried out in the meantime, it is still not possible to accept the method as 
fully developed. For a recent survey, see Lord [932]. 

For materials testing continuous waves were replaced by pulses in the 1940s, 
but they found many applications for wall-thickness measurement using the reson
ance method (Section 11.3.1). This makes use of the fact that the resonance fre
quency of a plate depends on its thickness. Based on a 1944 patent of Erwin and 
Rassweiler [418] General Motors Corp. first built the Sonogage in 1947 and more ap
plications were later found by the Vidigage of Branson Instruments Inc. 

Subsequent progress in electronic pulse techniques has lead to the replacement 
of resonance based instruments by pulse-echo equipment for wall-thickness mea
surements. The transit time measured by the pulse-echo method gives directly the 
wall-thickness by using the known velocity of sound. 

This, by far the most important method of non-destructive testing of materials 
by ultrasonics, the pulse-echo method, was certainly first used by the bats. In 1798 
Spallanza already supposed that bats can orientate by using inaudible sound sig
nals, but this was not proved until 1938 by Pierce and Griffin. The technical reali
zation of the method was facilitated by the discovery by Jacques and Pierre Curie of 
the twin piezo-electric effects in 1880 and 1881. They used quartz crystals as trans
mitters and receivers of ultrasonic waves [281, 282]. Lord Rayleigh enunciated the 
scientific fundamentals of the propagation of sound in solids in his "Theory of 
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Sound" between 1885 and 1910. Finally in the history of the technique Langevin 
and Chilowski must be mentioned since they solved between 1915 and 1917 the 
problem of detecting under-water submarines and icebergs by using ultrasonic 
pulses [891]. 

Subsequently the method has found many applications in measuring sea-depths 
but for materials testing it could not be used effectively before the rapid develop
ments of electronic engineering during the period 1935 to 1938 for use in Radar. 
(electromagnetic waves used in the atmosphere for aircraft detection; see for exam
ple Graff [558]). 

The first proposal to use pulse-echo techniques for materials testing came in 
1940 from Firestone [451, 454, 456] in the USA. 

In an independent development in England, Sproule used the method in about 
1942 [558, 313]. In Germany a pulse-echo system was also developed by Kruse 
[558]. 

This method has several important advantages over shadow techniques. The 
sensitivity is much greater for even small defects which may cause only small varia
tions of the sound pressure in the shadow. The transit time also allows the measure
ment of the reflector distance which is not possible at all with the shadow method. 
Further only one side of the specimen needs to be accessible for testing and it also 
overcomes any difficulties with the formation of standing waves. 

Ultrasonic pulses have incidentally been used much earlier by Hiedemann and his colla
borators to determine sound velocities by measuring transit times [655] (Section 11.3.2). 

It has sometimes been claimed that Sokolov was the inventor of the pulse-echo method 
but strictly speaking this is not true. What he proposed was the shadow method using the rear 
echo from plates (Fig. 12.1) and to avoid standing waves he even used pulses. However, the 
echo from the defect itself was not detected and received but only the attenuation of the rear 
echo [1444]. 

The first commercial apparatus for using the pulse-echo method were built in 
1943 at about the same time by the companies Sperry Products Inc. Danbury, USA 
and Kelvin and Hughes Ltd., London, based on the work of Firestone and Sproule 
respectively. 

Since then many manufacturers have marketed various units of much smaller 
size and weight thanks to electronic developments. At the same time their sensitiv
ity and resolution has considerably increased, thanks to piezo-ceramic develop
ments. The size of modern units, which was greatly reduced following the replace
ment of electronic valves by transistors, is now more or less determined by the size 
of the CR tube and the AC powerpack or the battery. 

In the first few years of pulse-echo applications, considerable success was 
achieved in testing large forgings using directly coupled quartz probes. In this work 
longitudinal waves at perpendicular incidence were used and although transverse 
waves were known they were considered as difficult to control due to mode chang
ing problems. Because of this opinion further applications were confined to axles 
and plate material. However, in the early 1950s Carlin [210] fitted plastic wedges to 
longitudinal wave probes to produce transverse waves projected obliquely to the 
surface. By the use of these a large number of new applications became possible 
and in particular the testing of tubes and welds. However, the various types of 



9.2 Historical Development 165 

guided-wave have found only very limited applications up to the present. Quartz is 
hardly used any more as a piezo-electric material and new materials, such as the 
piezo-ceramics, are used instead because of their higher sensitivity. 

The method of testing used originally was by scanning the surface of the speci
men by hand and observing a CR tube screen picture in the form of a horizontal 
time base with vertical peaks (A scan) and it is still commonly used today. Addition
ally a number of manual tasks have been mechanized and the screen observation is 
carried out by electronic devices. 

The original aim of getting a visual image of the specimen, with its defects, has 
also been followed when using the pulse-echo method. There has however not been 
much success in practice, although a sectional image (B scan) or a plan view (C 
scan) can easily be obtained with a simple probe-scanning device. More compli
cated methods (see Chapter 13) have found preferred applications in medicine. 

The fundamental papers on holography were published in 1948 and 1949 by Ga
bor [500, 501] (Section 13.14). He proved then that it is possible to obtain an image 
of a three-dimensional wave field on a two-dimensional film by using a coherent 
light source. After the invention of the laser optical holography started its develop
ment at the beginning of the 1960s [914] and was soon followed by the first experi
ments with ultrasonic holography (Greguss [570], Mueller and Sheridan [1074] and 
Thurstone [1522] (in 1965 and 1966). Modern developments have more possibilities 
for medical purposes whereas practical systems for material testing are still at an 
experimental stage. 

Mezrich and his collaborators [1035] have in 1974 invented a scanning method 
with lasers using interferometry. One of the twin mirrors of a Michelson interferome
ter is formed by a very thin metallic foil immersed in a cell filled with liquid. It can 
follow the particle movement in an ultrasonic wave and a laser beam scans its sur
face to produce an image (ultrasonovision or RCA camera see Section 13.2). 

The schlieren method (Section 13.5) makes use of the Debye-Sears effect [307, 
935] in which the optical refractive index of transparent media is modified by the 
pressure oscillations of ultrasound. The method is used preferably for imaging the 
sound fields of probes and the propagation of sound in liquids or transparent mod
els of specimens, rather than for general imaging [1614, 93]. 

The same physical effect is the base for the method of Korpel [834] here called 
Bragg diffraction (Section 13.4). The oscillations of the refractive index in a trans
parent material produce an optical grating at which light is diffracted. Imaging by the 
photo-elastic effect (Section 13.6 and 13.7) is possible by using certain transparent 
materials which become double refracting by the applied stress of an ultrasonic 
wave. Polarized light rotates its plane of polarisation and can then be analysed by a 
polarisation filter. The signals from which the image is built up depend on the local 
ultrasonic sound pressure and applications are the same as with the previously de
scribed methods. 

Piezo-electric scanning (Section 13.12) with mechanical scanning devices provide 
at each probe position the echo amplitudes from, and the corresponding transit 
times for, any reflectors within the specimen, which in most practical cases has 
been the human body. The results can be displayed on a CR tube screen or re-
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corded in many different ways (Dussik 1942 [353], Wild and Neal 1951 [1625], Do
nald 1955 [336], Suckling and McLean 1955 [1482]). 

Mechanical scanning is usually very slow and therefore turning the beam elec
tronically by a so-called phased array IS much more effective. The individual radia
tors are phase controlled as was flrst proposed by Bradfleld in 1954 [173] and used 
by Somer in 1968, cf. also [68]. This method was already known from Radar tech
niques, from which many other improvements were derived. It is now possible to 
obtain realtime images for medical diagnostics with moving images akin to cine 
fllm. 

The latest developments are digital-image systems, where after piezo-electric 
scanning the aperture and the focus of the ultrasonic beam is synthesized. This sys
tem of data processing is explained in Section 13.12 for the SAFT-UT method and 
by using sufficiently quick computers it is possible to obtain sectional images (B 
scan) in quasi-real time. 

The flrst applications of ultrasonic tomography were by Greanleaf and collabora
tors 1974 [568] (Section 13.12). 

Two methods of ultrasonic microscopy were developed for practical applications 
in the early 1970s by Quate et al. (SAM: scanning acoustic microscope) and Korpel 
et al. (SLAM: scanning laser acoustic microscope) [836, 916] (Section 13.13). 



10 The Pulse-Echo Method; Design and Performance 
of a Pulse-Echo Flaw Detector 

10.1 Fundamentals 

Figure 10.1 shows the principle of the method in which an ultrasonic pulsed wave, 
usually in form of a damped oscillation, is generated by a probe and propagates 
into a specimen with the ultrasonic velocity corresponding to the material con
cerned. Part of the ultrasound will be reflected if it strikes an obstacle in the form of 
an inhomogeneity and, if this is not too large, the remainder will travel further to a 
boundary of the specimen and will be reflected back to a receiver, if the rear surface 
and the receiver are in favorable positions. The signal obtained from the receiver is 
displayed as a peak on a base line of a CR tube (Fig. 10.2). The horizontal sweep is 
proportional to the time, so that the transit times of the pulse to and from the re
flector, and to and from the back wall, correspond respectively to the distances on 
the screen from the initial peak to the echo peaks corresponding to reflector and 
back wall. To obtain a standing image the pulses and the sweep of the CR tube are 
synchronised at the so-called pulse-repetition frequency. 

By calibration of the base-line in time per unit length the transit times tR and tB 

to the reflector and the back wall respectively can be read from the screen and we 
obtain for the distance d of any reflector, knowing the velocity of sound c; 

Transmitter 

Specimen 

2d 
-=c or 

t 

Back wall 

Fig. 10.1. Principle of the pulse-echo 
method 

d =~ 2 . 

Transmitter 
pulse 

-

Defect 
echo 

Il 

-IR -
18 

Back wall 
echo 

~ 

Fig. 10.2. Display on the CR screen 
(schematic) 
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Usually the thickness dB of the specimen will be known and it can serve to cali
brate the sweep directly in units of length. Otherwise a testblock of the same mate
rial and of known thickness may be used. 

Example. A specimen of 100 mm thickness is tested and its back echo is positioned 
at the right-hand edge of the screen by varying the speed of the sweep. An indica
tion of a defect appears at 30 % of the distance of the back echo which means that 
the reflection took place at a depth of 30 mm from the surface. In this way a scale 
can be placed in front of the screen, and the beginning of the transmitter peak and 
the back-echo peak shifted respectively to the zero and the 100-mm points. The dis
tance of an indication now can be read immediately in units of length. 

The amplitude of the received echo depends on several influences, these being: 

Transmitter pulse power entering the specimen, 
Directivity of the transmitter probe, 
Size of the reflector, 
Surface quality of the reflector, 
Position of the reflector, 
Size and directivity of the receiver probe, 
Losses at the receiver by reflection and coupling, 
Attenuation of the wave by absorption and scattering of the material, 
Shadow effect of any defects in front of the reflector 

/~, 
/ I \ "-

j : :~ ___ ~--l-

b ======~-

e L--_____ -' 

Fig. 10.3. Schematic screen pictures obtained by the pulse-echo method. a Small flaw in 
sound beam; b two small flaws in sound beam; c large flaw in sound beam, smaller second 
flaw and back wall masked; d large, obliquely orientated flaw, back wall masked; e small flaw 
but no back wall echo because the axis of the beam is not incident at right angles on back 
wall; f strong attenuation of sound beam due to scattering, no echo from flaw or back wall, 
only "grass" 
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Fig. 10.4. Multiple echoes in a plate. a schematic; b actual screen picture without time or 
thickness scale; steel plate SO mm thick, frequency 4 MHz 

Some of these effects are illustrated in Fig. 10.3. Several defects within the beam 
may be indicated simultaneously, (Fig. 10.3 b), provided that one is not completely 
hidden in the shadow of the other. In some cases, however, even a smaller defect 
behind a larger one may be indicated by a wave diffracted at the edges of the first, 
and of course the back echo may also be screened (Fig. lO.3c). According to the 
simple geometrical aspects of the sound wave the back-wall echo would disappear 
when the defect in front just covers the complete beam. From this fact one can ob
tain an approximate estimate of the defect size in some cases, especially important 
for obliquely situated defects. The back-wall echo is also missing from oblique back 
walls or by too strong an absorption or scattering of the material (Fig. 1O.3e and f). 

In the latter case scattering is usually indicated by many close peaks decreasing 
with distance, the so-called grass. 

A specimen of plane-parallel form usually allows several equally spaced back 
echoes to be visible on the screen if a sufficiently large range of distance is used 
(Fig. 10.4). This arises from the fact that the echo wave, when it arrives at the test 
surface, loses only a small part of its energy back into the receiver probe, the larger 
amount being re-reflected twice, and so on, until the energy is reduced to zero by 
absorption and beam spread in accordance with Chapters 4 and 5. 

The transit times between any two adjacent multiple echoes are equal and very 
precise, so that they can be used for estimating wall thicknesses by measuring the 
total separation of n echoes and dividing it by n to obtain a single thickness. 

10.2 Basic Functions of a Pulse-Echo Flaw Detector 

10.2.1 Block Diagram 

Pulse-echo flaw detectors are basically oscilloscopes with special features. Fi
gure 10.5 shows schematically the repetition frequency generator (1), sweep syn-
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Fig. 10.5. Block circuit of a pulse-echo 
flaw detector 

chronisation (2) and the pulse generator (3). If only one probe is used as transmit
ter and receiver (the usual arrangement) the pulse generator excites the transducer 
(4), and the echoes received are amplified by the amplifer (5), rectified, and fed to 
the CR tube (6). 

10.2.2 The CR Tube 

For visual display of the echo pattern electrostatic CR tubes are almost exclusively 
used (Fig. 10.6). An electron beam is generated in high vacuum marking a lumines
cent spot of the screen and condensers in both the horizontal and perpendicular 
configurations vary the beam direction by their applied voltages. The brightness of 
the spot depends on the beam energy and therefore on the voltage applied to the 
electron source. The quality of the image depends on the brightness and sharpness 
of the spot, and on the linearity of the sweep control. 

The writing velocity of the electron beam has to be very high, especially for 
small test ranges. For a calibrated range of 100 mm in steel corresponding for 
example to 100 mm in length of the base line (imaging one to one) it is about 
3 x 103 mls on the base line, but on the rise of the peaks it must be up to 100 times 
higher. To make the picture sufficiently bright to be clearly visible, including in the 

Uy 

- 5 

x Fig. 10.6. Principle of a CR tube. 
1 electron gun, 2 Y-deflection plates, 
3 X-deflection plates, 4 electron beam, 
5 luminous spot 
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open air, CR tubes with quite high voltages for the electron gun and for additional 
acceleration (between 2 and 20 ky), have to be used. 

Instead of electrostatic tubes electromagnetic ones have occasionally been tried. 
However, the deflection coils make it difficult to attain the necessary limit fre
quency of the deflection system. Otherwise the narrow band width will reduce 
the precision of the displayed peaks. 

10.2.3 The Repetition-Frequency Generator and the Base-Line Voltage 

To obtain stationary screen pictures the repetition-frequency generator triggers 
both the transmitter pulses and the start of the sweep generator. Usually the trans
mitter pulse is triggered a little later than the sweep so that it is visible on the left
hand side of the screen a little to the right of the start of the sweep, as for example 
in Fig. 10.4. 

Figure 10.7 displays the voltage variations over two periods in a more general 
case. The delay tT of the transmitter pulse after the trigger pulse is smaller than the 
delay of the sweep start ts , and therefore in this case the main pulse will not be visi
ble during the sweep time and while the trace is bright. Only a few of the echoes 
will then be visible but in most cases tT will be a little larger than ts. 

The time base was formerly given a f1Xed distance scale, which is today usually 
built into the CR-tube screen, and it was calibrated in various distance ranges for 
steel corresponding for example to 50, 100, 250 mm etc. by varying the sweep veloc
ity. 

For a rough distance measurement it is sufficient to measure the distance of an 
echo pulse from the rise of the main pulse. For more precise measurements it turns 
out that there is a certain delay between the rise of the electric pulse on the CR 
screen and the actual entrance of the ultrasonic pulse into the specimen, due to 
transit times within the probe. This effect is till more important when using probes 
fitted with a plastic shoe or for example the perspex wedge of an angle probe (see 
(Section 10.4.2). This delay is called "error of zero point" and can be eliminated for 
normal (0°) probes as shown in Fig. 10.8. 

The multiple echoes from a plate are adjusted by shifting the whole picture and 
calibrating the distance scale so that they coincide with the correct graduations of 
the scale. The main pulse will then start a little to the left of the zero point of the 

ln~ ______ ~n~ ______ ~~ 
2 ~~ ________ ~~~ __________ ~~ 
~IT 
3~~ __ ~~~ __ '-~~~ __ L-~~_ Fig.tO.7. Diagram of time. tT main pulse 

delay, ts delay of the sweep (time base), 
tp time of picture, tl time of interval. 
1 voltage of the repetition frequency gen
erator (trigger), 2 transmitter pulse, 
3 echo pattern, 4 sweep voltage, 5 bright
dark voltage for the CR tube 
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Fig. tO.8. Determination of zero error ll. by means of multiple echoes from a plate (steel, 
20 mm thick), using a probe protected by plastic layer approx. 1 mm thick 

b 
Phon/om 
echoes 

8oCKwoll 
echo 

Fig. 10.9. Appearance of spurious flaw echoes (phantom echoes Ep) if pulses are spaced too 
closely (repetition frequency too high) compared with the thickness of the specimen and its 
acoustic attenuation. a Schematic; b traces on screen showing indistinct phantom echoes, also 
to the left of the transmitting pulse 

scale corresponding to the zero error measured for example in millimeters of steel, 
this being a characteristic of the probe type concerned. 

Some designs of flaw detector have the ability to use an external trigger when, 
for example, several units have to be used simultaneously. In that case the trigger 
unit is the "master", the others being "slaves". 

A high trigger frequency gives a bright picture, but it must be chosen low 
enough to enable all superfluous multiple echoes to disappear before the next ac
tive period is triggered. If it is too high these delayed echoes will be visible (as in 
Fig. 10.9) and are called phantom echoes. 

To avoid such spurious echoes the time interval II in Fig. 10.7 must be sufficiently long, 
which from experience is about 60 times longer than the working time Ip of the picture. Some
times however this is still not enough, when for example forgings of high quality steel, espe
cially alloys with nickel, which have low attenuation (high transparency) have to be tested. 

It is then essential to reduce the trigger rate, or to learn to distinguish the phantom echoes 
from real ones. This is possible because a trigger frequency of 500 Hz for example is normally 
somewhat modulated by the mains frequency which causes some jitter in the wrong echoes, 
and because the time difference between two trigger pulses does not remain exactly constant 
the delayed echoes also appear less sharply focussed. 
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Fundamentally the required time interval depends on the testing range and 
therefore in most designs the trigger frequency and the range are switched together. 

The horizontal sweep voltage is usually applied symmetrically to the sweep 
plates of the CR tube, as in Fig. 10.5. Each plate is fed with the same voltage but 
with different signs. Line 4 in Fig. 10.7 shows its pattern. One complete period con
sists of the sweep delay Is, the picture or working time Ip and the interval time ti . 

I?uring the working time the sweep voltage rises uniformly from zero and so shift
ing the electron beam from left to right. During the interval time the sweep voltage 
falls back to zero in an arbitrary way, outside the picture time tp the brightness be
ing reduced to zero by a rectangular voltage (line 5 in Fig. 10.7). 

The sweep voltage proportional to time is generated by condensers charging at 
constant current. The travel time of the luminous spot across the screen is propor
tional to the ratio of their capacitance to the current. In many instruments this cur
rent is controlled by a potentiometer directly calibrated in terms of sound velocity. 
The values of the capacitors which are switched by the test-range control are pro
portional to these ranges, so that the full width of the screen is automatically ad
justed for each setting in the appropriate units of length, for a given velocity. 

For computer-aided instruments the precision of the time base must be much 
increased, and this is achieved by using a phase-locked loop, the sweep time being 
controlled by a quartz oscillator. 

It is sometimes desirable to magnify a selected small part of the echo picture 
when the main pulse is of no interest. To achieve this purpose, using a circuit called 
"scale expansion", a section of the time base is expanded over the whole range of 
the screen (Fig.lO.lO). The section within the test range selected for expansion can 
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Fig. 10.10. Sweep voltage for I-m 
range in steel (a) and expanded for 
250mm (b) 

Fig. 10.11. Screen picture of a specimen with back echo R and a group of defect indications F, 
with normal sweep at I-m range (a) and with scale expansion to 250 mm (b) 
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be moved in the same way as a magnifying glass scans over a subject. Figure 10.10 
shows the sweep voltage for the range of 1 m steel together with the scale expansion 
for a range of 250 mm. The corresponding screen patterns can be seen in Fig.lO.lt. 

In principle it is not difficult to expand the time base far more and in the case 
of wall-thickness measurement a 10-mm range may be useful, but in this case the 
supply voltages must be very constant to avoid jittering of the echoes. 

When testing components under water, in so-called immersion testing, the 
sound pulse has first to travel through water and the interesting testing range starts 
only with the entrance echo. Because the length of the water path may vary during 
testing it is of advantage to use the entrance echo to trigger the sweep. The block 
circuit of Fig. 10.5 would for this case have to be changed. The transmitter genera
tor triggers only the transmitter pulse, whereas the sweep is triggered by the ampli
fier via a gating circuit (see below). 

When using the simplest circuit for starting the sweep by an echo (echo start) the echo it
self is not usually completely visible because it has first to start the sweep. If this situation is 
undesirable and it is required to display the echo fully, then the content of the picture has frnt 
to be delayed somewhat before transmission to the CR tube via a delay line. 

10.2.4 The Transmitter 

To excite the transmitter pulse a voltage pulse of some hundred volts is provided 
and its amplitude and shape have a great effect on the transmitted ultrasonic pulse. 

Although by the use of new solid-state electronic components the circuit details 
have changed considerably, the principle can still be illustrated as in Fig. 10.12. The 
condenser C is charged to some hundred volts. The trigger signal closes an elec
tronic switch which discharges the condenser and makes its peak voltage appear at 
the output to the transducer. The condenser is discharged via the resistor R and the 
coil L in parallel with the transducer (see also Section 10.4). By means of the electric 
pulse the transducer is excited to produce a mechanical pulse which is transmitted 
as an ultrasonic pulse into the specimen via a coupling layer. 

The form of the electric pulse is influenced very much by the transducer and 
even by its coupling conditions. Because at least some of the elements defming the 
oscillation, for example the coil, are usually incorporated into the transducer, an 
electric oscillation is not generated before the transducer is connected to the flaw 

Fig. 10.12. Schematic circuit of a pulse generator 
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detector. Without this connection the pulse is only a unilateral peak with an ex
ponential decay (Fig. 10.13). 

The upper limit of pulse frequency depends on the risetime of the condenser 
discharge and this depends on the switching time of the electronic switch. The 
lower frequency limit is given by the size of the condenser. 

Formerly gas-filled tubes such as the thyratron (Fig.10.14a) have been used as 
switches. Today controlled rectifiers (Thyristors, Fig.10.14b) or field-effect transis
tors (VMOS, Fig.10.14c) are used. For the excitation of very high frequencies (up 
to 100 MHz) avalanche transistors (Fig. 10.14d) are used as switches since their 
switching time is extremely short and is limited only by the inductances and capac
ities of the circuit. 

The field-effect transistors have the advantage (as against thyristors or thyra
trons) of being opened again at an arbitrary time, for example to greatly increase 
the efficiency by switching off the transmitter precisely when the oscillation has 
completed its first half wave, (square-wave pulser) since by this means the withdra
wal of energy from the oscillation by the pulse generating circuit is avoided. 
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Fig. 10.13. Transmitter pulse of a thyristor-transmitter (a) with transducer connected (b) with
out transducer (100-0hm load) 
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Fig. 10.14. Circuits of pulse generators 
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A consequence of this idea is the excitation of the transducer by pulses of sine 
waves, whose frequency equals the ultrasonic pulse frequency (CS controlled signal 
transmitter [270)). By this means the efficiency is increased, as well providing 
greater precision for the ultrasonic frequency. By using highly damped wideband 
crystals it is even possible by varying the exciting sine-frequency, to produce a 
range of ultrasonic frequencies with only one transducer. 

The shape of the transmitted pulse is, incidentally, not too important for the 
performance of the flaw detector. Of more importance is the shape of the echo sig
nal, which is formed after the pulse has passed through all the various elements of 
the transmitting chain up to the final display. These include the twofold transforma
tion by the crystal, the properties of the material and the reflector, and the charac
teristics of the amplifier and rectifier. These all have an influence on the final 
pulse shape displayed on the screen but the most important influence usually arises 
from the acoustic properties of the oscillator. 

10.2.S The Receiver 

Quite high demands are made on the receiver-amplifier since the voltage which has 
to be displayed on the screen goes from 30 IlV up to 30 V, that is a range of 120 dB. 

It is required that the smallest displayed voltage of 30 IlV must still be well 
above the noise and interference levels. On the other hand high voltages of 30 V 
have to be presented without distortion or saturation. Because of the very short 
time interval between transmitter pulse and first echo the amplifier must also have 
a very quick recovery time after overloading because transients following the high 
amplitude signals may hide small echoes. 

The principle of such an amplifier is shown in Fig.IO.lS. At the amplifier input 
we have a voltage limiter (1) to prevent the high transmitter voltage damaging the 
amplifier. Then follows a coarse potential-divider (2), by which high echo voltages 
can be reduced to be within the working range of the amplifier and it usually has 
several switched steps of 20 dB each. It is followed by the low-noise preamplifier 
(3), the maximum amplification of which is limited by its thermal noise. Then by 
way of a calibrated fine potential-divider (4) (calibrated as a gain control in 2-dB 
steps) the signal goes into the HF amplifier (5) for which a typical frequency band 
could be 0.5 to 10 MHz in a simple flaw detector. Units with high resolution may 
have a bandwidth up to 25 MHz and more. 

Limiter Predivider Pre- Fine Main Rectifier Video 
amplifier divider amplifier Video filter amplifier 
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Fig. 10.15. Block diagram for the receiver amplifier 
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It is essential for high resolution to have highly damped probes and also a wide
band amplifier with flat phase curves in the neighborhood of the probe frequency. 
These are the conditions to obtain on the screen pulses without transient oscilla
tions. On the other hand a large bandwidth increases the noise level thus reducing 
the sensitivity for small echoes. For this reason high-quality flaw detectors may 
have different settings for high and low probe damping to obtain the best compro
mise. 

The signals after having been amplified by the main amplifier proceed to the 
rectifier (6). Modem units have rectifiers which can be switched from full-wave to 
half-wave rectification for either the positive or negative half waves. With other un
its the rectifier may even be switched off, to display non-rectified signals on the 
screen (Fig. 10.16). 

Half-wave rectification is to be preferred if the transit time must be measured, 
or for a very exact evaluation of the defect distance. The video presentation on the 
screen then has the steepest rise. The best polarity of the recitifier will depend on 
the properties of the probe and reflector, and should be determined experimentally. 
The phase of the echo is, incidentally, changed according to whether the reflector is 
acoustically softer or harder than the surrounding material. 

The full-wave rectifier offers some advantage if the amplitude has to be evalu
ated because it gives a phase independent presentation. The HF presentation is se
lected for measurement of the probe frequency and in those cases where distance 
measurements to reflectors of both hard or soft quality have to be made. This pres
entation is also preferable if it is necessary to trace small reflectors in the vicinity of 
strong echoes, as for example with defects close to a surface. 

To obtain a clear display of the half waves in Fig.10.16b-d the upper limit of 
the bandwidth of the video amplifier (after the rectifier) including the CR tube, 
must be several times larger than the probe frequency and this is decisive therefore 
for the resolution of the flaw detector. 

Fig. 10.16. Different types of signal display. a High frequency 
form, unmodified; b full-wave rectified; c half-wave rectified 
(positive); d half-wave rectified (negative); b-d without filter; 
e with filter 
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Fig.IO.17. Echo indication. a Without suppression; b with linear suppression 

For most practical applications a smoothed display of the signals is needed, es
pecially if the amplitude of the rectified signal is to be evaluated (Fig.lO.16e). For 
this purpose the envelope of the rectified pulse is filtered by condensers and differ
entiating circuits, which in high quality units can be varied from "without filter" up 
to "strong filter". By the use of differentiation, or what is sometimes called "screen 
cosmetics", the decay of the echo pulse can be made to appear steeper, and nar
rower. 

Another important characteristic is linearity, which is fundamentally defined by 
the properties of the rectifier and video amplifier. Perfect linearity is achieved when 
the echo height on the screen is exactly proportional to the incoming signal ampli
tude, but full linearity is never reached because of the rectifier characteristics. 

To be better able to distinguish an echo within the grass level most units are fit
ted with means for suppressing small signals. In older designs this was achieved by 
partial suppression of the base line but this also reduces all the signal amplitudes. 
Modem units have therefore a "linear suppression" which operates without altering 
the wanted signals (Fig.lO.l?). However, when searching for small defects in a spec
imen this aid is sometimes strictly forbidden because small but important defects 
may then be overlooked. 

10.3 Special Circuits for Automatic Evaluation of Defect Echoes 

10.3.1 Gating Circuits 

For those applications of ultrasonic pulse-echo testing, where defect decisions are 
required, the amplitude of the echo is significant and usually the echo of admissi
ble defects must not be greater than certain limits. If the specimen has plane-paral
lel surfaces the rear echo is also observed and here the underpassing of reference 
values may indicate the shadowing effect of large inhomogeneities (Fig. 10.3 d). 
Electronic gating circuits can relieve the operator from continuously observing the 
screen and they give an alarm if an echo is greater or less, respectively, than certain 
predetermined heights within the gated-depth range. Only by using such a supple-



10.3 Special Circuits for Automatic Evaluation 179 

Analog 
t=t==-r===,-orecording 1 

::=:::::: Alarm 1 
Alarm 2 

tt::::::~""""'~~f==t:3 r==t-.--+--===:!........o Analog 
recording 2 

Echo slarl alarm 

Fig.IO.lS. Block circuit of a flaw detector with monitor gates, recording amplifier, entrance
echo start of sweep (EE), and distance-compensated or swept gain (swept gain SG) 

mentary device can automatic testing be introduced and so nearly all flaw detectors 
are provided with gating circuits (Fig.IO.18). 

The video output of the amplifier is connected to a comparator circuit, in which 
the signal is compared to a threshold voltage. By use of a logic circuit any signal 
greater than the threshold will give an alarm signal provided it occurs within the 
gated transit time. The threshold voltage, as well as the position and length of the 
gate, can all be controlled by the same operating panel. 

If all defects in the total thickness of the specimen must be indicated, the start 
of the gate is placed immediately behind the main pulse and is set to end just be
fore the rear echo (Fig.IO.19). By using a second independent gate the rear echo 
may also be observed. 

r-+-I 

I 

2 

Fig. 10.19. Gate positions for defect indication (1) and back
echo monitoring (i) 
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Usually the gating alarm is selected either for coincidence or anticoincidence of 
a indication with the gate range. The former serves as a defect indicator and the lat
ter, for example, to monitor whether the rear echo maintains a certain minimum 
height. 

Two different ways are used to generate the gate voltage. In simpler designs the 
gate is fixed on the screen because it is produced by a comparator circuit which 
compares a controllable reference voltage to the sweep voltage at both the start and 
the finish (Fig. 10.20 a). In this case the echo pattern is moved relative to the gate if 
the test range or the main pulse is shifted. With reference to the specimen, there
fore, it changes its position and to avoid this disadvantage units of better perform
ance generate the start and finish of the gate independently of the sweep. The gate 
is therefore fixed in the specimen effectively and a group of defect indications lying 
within the gate may be observed on an enlarged scale by using the sweep expansion 
but without losing them from the gate. 

Some designs permit the so-called slave function of the gates in which the sec
ond is controlled by the first. In this case the second gate stays connected to the 
first even if the thickness of the specimen changes thereby requiring a change in 
the gate positions. Only the first must then be adapted and the second, used for ex
ample to monitor the rear echo, stays in its correct position automatically. 

All these methods usually give an alarm only for echoes within one gate. For a mul
tiple echo pattern the solution may be a so-called gate chain in which one gate is always trig
gered by the foregoing one. The information may be digitized to give echo transit times (i. e. 
the depth of the defects). Furthermore there can be introduced a series of stepped thresholds 
equally spaced for successive gates and then the amplitudes can be digitized. If the gate 
widths and the threshold differences are sufficiently small, it is possible to do without the 
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Fig. 10_20. Block circuits for generating the time gate. a From the sweep voltage (fixed relativ 
to the screen); b independent of the screen (with variable time controls) 
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screen display thus enabling the use of units without a CR tube, which could be therefore 
rather small and handy. The disadvantages, which arise if the steps are not extremely small, 
should not be forgotten since then many features of the fine structure of an echo, and of the 
echo dynamics when scanning a specimen, are lost (see Fig. 19.8). 

One application of the gate-chain, designed for weld testing, is the luminous flaw localizer 
[944] (see Section 28.1.3 and Fig. 28.12). 

For indicating the gate and the threshold level on the screen two alternative 
ways are possible. Simple units, which often have only a fixed threshold, mark the 
gate position on the base line with a stepped section (Fig. 10.21 a). In units with var
iable threshold, both gate position and threshold are indicated by a straight line 
(Fig. 10.21 b), the height of which gives the value of the threshold, and sometimes 
both methods are combined (Fig. 10.21 c). 

When using a digitized-screen picture, as in Fig. 19.7, the gate can be marked by 
a contrasting rectangular area at the upper edge of the screen. 

The standard controls on the gate operating panel should be protected against 
unintentional changes. Some modem units have electronic controls, the functions 
concerned being chosen by a function key. Then the dimensional features are var
ied by up/down and right/left keys and if the function switch is brought back to its 
"off" position an accidental adjustment is no longer possible. 

The alarm may be given by a warning lamp or by an acoustic device which in 
some designs may not be cancelled unless a confirmation button is operated. 

Many units also have a feature which prevents a single echo pulse within the 
gate from operating the alarm, because it may arise from electric interference. In 
this case the total number of successive echo pulses which must appear in the gate 
are predetermined before the alarm is operated. 

10.3.2 Back-Echo Reduction 

Usually the signal amplitudes from a defect and from the back echo are widely dif
ferent, so that operating with both may often not be possible without changing the 
gain. Some instruments have therefore the means of reducing the gain during a 
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Fig. 10.21. Indications of the gate functions. a by steps on the base line; b by straight lines; 
c with a combined indication 
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transit time gate by a preselectable value between 10 and about 40 dB. This brings 
both echoes into the linear range of presentation and allows the gate thresholds to 
be placed at comparable heights. To be effectiv, the gain switching must operate 
very quickly and avoid any interfering electric pulses (see Section 22.3, Fig. 22.14). 

10.3.3 Recording Amplifier, Peak Memory 

For many testing purposes documentation of the echo amplitudes during scanning 
of a specimen is desirable. For this purpose a recording amplifier is coupled to the 
gate by which means the maximum received echo height is held for each pulse and 
then fed to a terminal for a recorder. This voltage is proportional to the echo height 
in the gate during the immediately preceding period. 

If the maximum value is stored until it is cancelled, it is called a peak-value 
memory. It can be very useful for evaluating the maximum indication of a defect, 
which is detected by slow scanning and during the so-called "growing" of the echo 
(see Section 19.1). In the same way as with gate functions it may be combined with 
a counter to ignore random interference. The working speed of the peak memory 
must be quite high to ensure that the peak value is stored immediately after the 
echo pulse. 

There is a great choice of recorder types which can be used following the record-
ing amplifier output. These fall into two main categories, viz: 

Analog records, 
Analog/digital converters for both digital indications and for computer evalua
tions. 

Digital methods are preferred today and in this case for example an echo of full 
screen height can be equated to 100 units, the minimum difference of one unit be
tween two different echoes is fully sufficient for recognition and separation. 

This system of measuring echo heights is of importance when a logarithmic am
plifier is used instead of a linear one (see Section 10.2.5). When using a linear am
plifier a maximum amplitude ratio of about 30 dB can be displayed without satura
tion, whereas with a logarithmic one differences up to a total of 100 dB can be 
displayed simultaneously, the screen height being divided into 100 parts of one dB 
each. The analog/digital conversion of a amplitude ratio is directly carried out from 
the reading on the screen. 

10.3.4 Distance-Amplitude-Correction (DAC); Gate Thresholds 

The amplitude of a reflector echo depends on its relative distance from the probe 
and therefore an evaluation threshold cannot be kept constant, but must also be al
lowed to vary with the distance. For dealing with this problem two methods can be 
adopted: 

distance dependent threshold by means of a response voltage decreasing with 
the sweep voltage (Fig. 10.22) 
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swept gain; i. e. an increase of amplification with distance according to the 
echo-distance law. 

The latter method (DAC) has the advantage of allowing a larger range of varia
tion, up to about 40 dB, and adjusting such a device can be carried out in one of 
two ways. 

1. Empirical adjustment. The apparatus includes a compensating voltage generator 
which can operate in up to eight linear sections. Adjustment is done by using test 
blocks which give echoes from the same artificial defect at different depths. 

The echoes peak obtained are marked on the screen after which the compensa
tion voltage curve is displayed and by using several controls it is adjusted as a best 
fit to the echo heights (Fig. 10.23 a). Now the swept gain can be switched on, bring
ing all the echoes to the same height (Fig. 10.23 b). 

When using a computer-aided instrument it is possible to "teach" the compen
sation function by using a special program. The echoes from equal artificial test re
flectors are automatically brought to the same amplitude, the compensating voltage 
value for each is stored along with the distance and subsequently the pairs of va
lues stored give the overall compensation function. 

2. Adjustment by help of the DGS method (see Section 5.2). The correct compensation 
function for the swept gain can also be evaluated from the properties of the sound 
field corresponding to the probe concerned. In some well-developed flaw detectors 
a number of standard DGS curves are stored so that by choosing the correct par
ameters for the effective diameter, frequency and attenuation coefficient of the 
specimen material, distance compensation for any echo is automatically performed. 
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Fig. 10.23. Adjustment of swept gain. a adjusting the compensation voltage curve to fit succes
sive echoes received from increasing distances; b swept gain switched on so that echo ampli
tudes are made uniform 
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It is further possible to allow for focussed probes or to choose between the decay 
law relevant to a circular flat reflector or to a borehole transverse to the beam direc
tion (see Section 5.2). 

10.3.5 Wallthickness Meters 

The- auxiliary devices described above process the echo amplitude into an electric 
signal suitable for further evaluation. However, the echo transit time is also of inter
est, either from the probe to a defect or especially to the back wall, giving the wall 
thickness. The special circuit designs for these measurements are discussed in Sec
tion 11.1. If they give the time value in analog form an analog/digital converter is 
necessary to give the thickness in the digital form usually required. A further circuit 
will immediately give a digital value, and this can be displayed on the operating 
panel of the unit as in Fig. 10.24. 

With automatic scanning a large number of different values will appear in quick 
succession and these cannot be evaluated by the eye. In a simplified case it may be 
only necessary to know whether a given value has been exceeded. Here the wall
thickness measurement can be reduced to a yes/no indication but if one wants to 
know where the wall thickness has reached a minimum or a maximum value, the 
reading at each point must be stored for it to be compared with the following ones. 
Logic circuits will store readings in this way so that each can be compared with the 
preceding or following values in the scanning range. Finally the extreme values and 
their positions can be recorded by a commercial printer. 

Wall thickness meters incorporated into flaw detectors provide more possibili-
ties to determine: 

Transit time, or distance, between two echoes in two separate gates; 
Transit time between main pulse and an echo within a gate; 
Transit time between main pulse and an echo within a gate corrected by a 
predetermined delay-line transit (e.g. for angle probes and TR probes; see Sec
tion 10.4). 

Fig. 10.24. Wall-thickness meter 
incorporated into a flaw detector 
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Sometimes this kind of measurement is supplemented by circuits to check 
whether the two echoes are actually present and so providing a go/no-go signal. A 
no-go signal can serve to end further scanning or recording, and to keep stored the 
last measured value. A final purpose for wall thickness circuitry can be to give a 
very precise control of the gate positions. 

10.3.6 Auxiliary Instruments and Documentation Methods 

Full documentation of all significant data arising from pulse-echo testing is in 
principle possible with modem computers. For this purpose the positional data re
ferring to the probe scanning must be transmitted from a mechanical guiding device 
in addition to the digitized data from the screen. By the many possibilities of data 
processing a printer can deliver a document in real time and quite complicated data 
evaluations can follow later. The complete work can of course be very comprehen
sive but is justified only in special cases, as for example in nuclear reactor testing 
[636, 1158]. 

Figure 10.25 shows schematically various schemes of documentation. The so
called A scan can be recorded photographically or with digitized equipment (see 
Fig. 19 . 7) using an auxiliary recorder. Such records are mostly of low value, because 
the probe position data are missing. 

A B 

Fig. 10.25. A-, B- and C-scan recording and principle of scanning 

t 
* 

a b c 

Fig.l0.26. B-scan recording by a brightness-modulated dot display. a Standard A scan; 
b same with dot presentation, e record on moving film 
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The Band C scans (Fig. 10.25) are produced by probe scanning and usually in
volve a mechanical guiding device. The display on the screen is changed from the 
peak type presentation of A scan to one of light-point writing (Fig. 10.26) which is 
moved according to the probe displacement. The vertical coordinate in this case 
corresponds to the transit time, the record corresponding to a section through the 
specimen. The brightness of the luminous point is controlled by the received echo 
amplitude. Instead of shifting the luminous point on the screen a photographic film 
may be moved analog to the probe (Figs. 10.25 and 10.26). To present the full B 
scan on a screen, large television CR tubes have sometimes been used. 

In case of the C scan the mechanical device has to provide a scan in two coordi
nates. If the luminous point is shifted to follow the two displacements on the screen 
the CR tube should have a long afterglow to produce the complete C scan, or a sto
rage oscilloscope can be used (Fig. 19.7). More effective is a record on paper pro
duced by one of the many commercial devices available. 

With a C scan all echoes within a preselected gate are recorded, or alternatively 
the echo with a maximum amplitude between front and back echoes. The depth of 
the defect remains uncertain but by using several gates a depth record is also possi
ble. A three-dimensional presentation could be produced if it was built up from a 
number of two dimensional recordings. 

Figure 10.27 shows a method of producing an isometric presentation from A
scans by moving a film in a direction oblique to the base line, s. [983]. 

Because photographic recordings are of limited value commercial devices for 
this purpose are not normally available (see also [1052 and 1056]). 

For practical recording, writing or printing devices are to be preferred which ob
tain their data via gating circuitry as described in Sections 10.3.1 to 10.3.3. Many 
variations are possible in writing instruments so that if lines are written with per
pendicular displacements, for example in the case of a C scan (Fig. 4.18), even with 
overlapping a clear picture is given of defect positions and size of echo amplitude. 

Fig.tO.27. Recording method (Martin and 
Werner) using obliquely transported film with 
conventional A scan 
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Fig. 10.28. Immersion-testing installa
tion for aircraft parts, using grey-scale 
C-scan recording (Wells-Krautkriimer) 

Figure 4.18 shows an isometric presentation for another purpose and instead of the 
amplitude of the echo the depth of the defect may also be recorded. If one can 
omit depth information a simple yes/no recorder will be sufficient for simple plate 
testing as in Fig. 24.8. 

The choice of a recording system depends in the first instance on the limit fre
quency, which is the frequency of a voltage which it can just follow without much 
distortion. This criterion also depends on the scanning speed and the required reso
lution and for simple cases 1000 Hz will normally suffice. There are however much 
quicker ones available, for example using lasers. Ink is used only for a slower 
response. Quicker ones can use thermal papers or record directly onto photographic 
film. 

Some recorders using electro-sensitive paper can write with different colour in
tensities. To obtain an even grey scale with uniform steps the amplitude has first 
to be processed by a quantizer. 

Quantizing is also of advantage if a C record is made via a printer and is useful 
especially in connection with computer-aided devices (see Fig. 22.17). It may for 
example write the figures 1, 2, 4 and 8 as measures of echo amplitude. 

With the above-mentioned variety of possibilities the cost also increases consid
erably and may only be justified in cases of great importance when testing critical 
components for aerospace or nuclear applications. These are usually tested with im
mersion techniques using a large program and careful recording. Figure 10.28 
shows a smaller version of such an installation, the probe movement in the tank be
ing mechanically coupled to the writing electrode on the front-mounted recorder. C 
scans with a size ratio of 1:1 can be made, with echo heights indicated by eight 
steps of grey scale. 

10.4 Transducers 

Transducers, which are also called probes, transform the energy of an electric vol
tage into an ultrasonic wave, for most applications of materials testing via the 
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piezo-electric effect (Chapter 7). If the same crystal serves as transmitter, and im
mediately after transmitting a pulse, also as a receiver we can speak of a single-crys
tal probe. If on the other hand the echo receiver is a separate crystal we have a twin
crystal or transmitter-receiver (TR) probe. 

10.4.1 Single-Crystal Vertical (0") Probes 

With a single-crystal vertical probe also celled normalprobe the generated ultra
sonic wave passes into the surface of the specimen in a perpendicular direction and 
is coupled to it by a liquid coupling layer. As Fig. 10.29 shows it consists mainly of 
the oscillator disk, a protective layer and the damping block. If necessary there are 
also electrical matching elements and all are built into a rigid housing with the 
electrical connector. 

Types of probe formerly used which had a direct contact between the (quartz) 
crystal and the specimen are no longer used (see 3rd edition of this book, p. 210). 
The protective layer as well as protecting the delicate crystal is also used to match 
the acoustic impedances for optimum coupling to the specimen. 

The damping block absorbs that part of the energy radiated backwards and the 
oscillator is thereby strongly damped in order to suppress the reverberations of the 
pulse (see Section 7.3). In addition it also provides mechanical support for the crys
tal against pressure and against mechanical shocks during practical use. 

The thickness of the oscillator plate corresponds to the required frequency and 
both its surfaces are metallized to act as electrodes. These must be as thin as possi
ble so as not to interfere with the oscillations. The methods of metallizing vary ac
cording to the crystal material. With ceramics the surfaces are best painted with a 
silver emulsion and heated to about 800°C. Another method is to chemically de
posit layers of nickel or/and gold with a thickness of about one micron (10-3 mm) 
and contact wires can then be soldered on. Other piezo-electric materials have elec
trodes produced by metal evaporation or by spraying conductive paint in which 
cases the wires can be fixed by a conductive cement. 

The choice of a particular piezo-ceramic material depends on the intended pur
pose of the probe, and it can be decided by reference to Table 7.1. The various phy
sical criteria, as for example coupling factor, mechanical quality Q, cross-coupling 
proper! ies. the dielectric constant and critical temperature have all been discussed 

Fig. 10.29. Design of a transducer, schematic. 1 oscilla
tor, 2 protecting layer, 3 damping block, 4 electric 

2 matching, 5 wire, 6 housing, 7 connection socket 
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in Chapter 7 but it should be kept in mind that there is never one optimal material 
each one having its special advantages and handicaps. 

The mechanical bonding of the crystal to both the protective layer and the 
damping block is of great importance. It can be achieved by cementing, soldering 
or even by a very thin liquid layer. In all cases the surfaces must be very flat and 
smooth and it is essential that the cement layer is as thin as possible to avoid oscil
lations within it, thereby changing the impedance matching. For this purpose it 
should be less than 5 % of the wavelength and at 4 MHz a typical epoxy cement 
(c = 3200 m/s) should have a maximum thickness of about 0.04 mm. For frequen
cies above 10 MHz it is quite difficult to keep the bonding layer sufficiently thin so 
instead of a separate cement layer it is advantageous to cast the damping block and 
the protective layer as mixtures of liquid resins directly onto the crystal. 

The acoustic impedance of the damping block material must be chosen to give 
the degree of damping required. The maximum effect is reached when both the im
pedance of the block and of the crystal are equal, since in this case all the acoustic 
energy of the rearward travelling wave is absorbed without reflection (see Sec
tion 7.3). To suppress any reflections from the back face of the damping block it 
must have sufficiently high attenuation and thickness. The best results are achieved 
with mixtures of resins and powdered materials and very good impedance values 
are obtained by using fInely powdered metallic tungsten. By using this mixture the 
impedance can be increased from that of the pure resin (2.7 x 106 kg/m2s) up to the 
value for lead meta-niobate (20.5 x 106 kg/m2s). The attenuation can also be influ
enced by the choice of the resin and by admixtures of fine grained materials of high 
absorption, as for example rubber powder. To absorb the reflected wave porosity 
and even sawdust have been used as well as being combined with an oblique geo
metrical shape, or a saw toothed form of the back surface. A combination of effec
tive methods must be found otherwise "grass" or "probe noise" will be produced 
which is just as annoying as other interfering echoes. 

One advantage of using a high proportion of metal powder is that it makes the 
damping block electrically conductive so that it is not necessary to have a metal 
electrode on the crystal face. 

The damping block is mainly useful in damping the thickness oscillations of the 
crystal but radial oscillations can also be a nuisance and in case of barium titanate, 
for example, they are difficult to suppress completely. They can be reduced some
what by embedding the crystal edges into the block or by using a crystal mosaic de
sign with the intermediate slits also filled with an absorbing material. 

As far as the protective layer is concerned it is necessary to distinguish between 
the hard-faced and the soft-faced designs for suitable acoustic impedances. Reason
able resistance against wear and tear is achieved by using thin, hard layers ce
mented to the crystal, suitable materials being aluminium oxide, sapphire, boron 
carbide or quartz. When used on hard metallic surfaces they tend to give large vari
ations of coupling and hence of sensitivity. Moreover such layers suitable for high 
frequencies are thin and fragile, because they have to be less than 1110 wavelength 
thick. The coupling variations arise from small variations in the thickness of the 
coupling liquid, as a consequence of the great discrepancies in the three imped
ances: hard layer about 30 x 106 , liquid about 1.5 x 106 , and specimen about 
50 x 106 • 
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Soft-faced coupling probes are constructed with a fixed protective layer of cast 
resin and these are suitable for immersion testing without making a direct contact 
with a hard specimen or for use in contact testing with a replaceable plastics film. 

The job of matching the impedance of the crystal to that of a liquid can be solved by us
ing a layer with continuously decreasing impedance through its thickness. In practice this can 
also be achieved by using several superimposed layers with decreasing impedance values. If 
only one layer is used the best compromise is reached if its thickness is a quarter wavelength 
and its own impedance is equal to the geometric mean of the other two impedances [837, 170, 
859]. 

The impedance of casting resins can be varied by mixing with filling materials. 
The thickness has to be quite precisely 114 wavelength because otherwise the probe 
will not produce the frequency required. For use in immersion techniques it is es
sential to make the probe watertight, because some piezo-electric crystals are read
ily soluble in water. 

For contact testing on rough surfaces one must do without high resolution, and 
can then use interchangeable films to protect the crystal, these being coupled with a 
little oil or grease. It is an advantage to use films which combine high resistance 
against wear and tear with high absorption of ultrasound. The sensitivity is not 
much affected by the high absorption because of the small thickness, but multiple 
oscillations within the film which would broaden the pulses are suppressed [987], 

The use of soft plastics has the added advantage that variations in the liquid 
coupling layer do not affect the sensitivity very much and they can be used with low 
contact pressure and can be shifted more easily. 

Sufficiently soft films even allow coupling without the use of liquids at frequen
cies up to 5 MHz and so such probes can be used for testing materials which are 
sensitive against liquids or are porous [323]. 

Further types of soft-faced probes are those using a delay line in front of the 
crystal (see Fig. 10.30). These are best made of a plastic material with low absorp
tion, for example polystyrene. The usable length depends on the maximum transit 
time within the specimen and the second echo from the delay line must not arrive 

Fig. 10.30. A selection of vertical 
probes: top and bottom left with 
hard facing-layer; top centre with 
exchangable wear-resistant film; 
lower right with exchangeable delay 
line, and with cast-resin face for im
mersion techniques 
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before the back echo of the specimen otherwise the picture is confused. This type of 
probe is often used for wall-thickness measurement on thin walls. 

For commercial probes crystals between 5 and 40 mm diameter are mostly used. 
Larger diameters seldom fmd corresponding flat areas for coupling to the surface of 
specimens. The disadvantages of using small diameters, especially with low fre
quencies, are the poor beam directivity and the increased generation of transverse 
and surface waves. These will produce interfering pulses which can be easily con
fused with useful longitudinal echoes (see Fig.4.23). Small transducers also have 
the handicap of having a low sensitivity. 

The height of a back echo in the near-field is proportional to the area of the crystal, but in 
the far-field it is proportional to the square of the area, i. e. the sensitivity falls with the 4th 
power of the diameter. The first point arises from the fact that a piezo-electric receiver work
ing with a low termination resistance (as is usually the case) produces a receiver voltage pro
portional to its area. The second arises from Eq. (5.3), in which initial pressure Po is propor
tional to the area when transmitters of different sizes are compared. It also has to be assumed 
that the crystal always receives the same transmitter voltage independently of its area. 

The diagram of Fig. 10.31 gives details of the near-field lengths, and the direc
tivity angles, for different frequencies (from 0.5 to 20 MHz) and oscillator diame
ters (up to 40 mm). 

mm 
1000 
800 
800 

'100 

'I 

1 
'10 ° 

. )0° 
ZOo 
1,° 
10° 

I 
/I 
rl. 

'1/ 
II rl 

~\ 

\~ 
l\ 
\\ 
~ t OO 

~_\ 

Frequency f-20 MHz -./ 
/' ./"" 

/ /' 
-ry 

/ t:::::: 
/ / ~ V .....-/' 

:...>'f 
./ /'. -'I ./ 

/ / V ~3 ../'''' VI ~ / .; V .....-V-

Vj '/ / ./ ~ 
III J / ./ I 

/ / I 

II V + 
II : 
'\.. ...... t-.... 

~ 
I----:: 11 

"' f'-..-.. , 
r-.• / 

.'\.. " ~ 7 8 

'" r........ r-I--- 9 -<? J 
'\. ""- ................. 12 

-" t:;::;:::: ~ - ° 
° t 
~ 

8° 
~ '10 

)0 '" ""- 6'-- -- 1 
° ~ Fig.tO.3l. Length of near-field N, 

CO 
l.So 

1° o 

"- ~ r--. --.......... -wMf/.. :-- a 
~ 

angles of divergence )'0 and )'70 for 
fio probes with circular-disc oscillators 

---- a 10 f, cO ZO JO 

of diameter D, calculated for steel 
)0 

mm 'f0 and longitudinal waves (angle of 
~iameter of oscil/ator 0 -- divergence )'70 for the echo field) 



192 10 The Pulse-Echo Method 

Example. A transducer of 24 mm in diameter at 4 MHz will have a near-field length of 97 mm 
and its beam directivity angles 2yo and 2Y70 are 2 x 4.3° and 2 x 1.3° respectively (see Sec
tion 4.4). 

The effective diameter is actually somewhat smaller than the physical one because of the 
edge effect (see Section 4.8) and therefore the near-field length shown in the diagram is some
what smaller than that calculated one. In this example it is only 90 mm and the angle Yo is 
somewhat larger at 4.5°. 

The properties required for a "good" probe are on the one hand to have a high sensitivity 
for defects at larger distances, and on the other to have a good resolution for near-surface re
flectors at very short distances. If one has chosen in accordance with the first requirement to 
have the largest possible diameter and the highest practical frequency then only reduced 
damping can produce a further increase in the sensitivity. This would, however, clash with the 
resolution requirement since the longer main pulse would produce a longer "dead-zone" be
low the contact surface. Such considerations show that for a given piezo-electric material a 
probe can only be made optimal for either of the two aims but not both. 

Figure 10.32 shows a simplified sound-field diagram (Sonogram) for some 
standard probes. The natural focus at the end of the near field can be seen clearly. 

Sonogram 
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Fig. 10.32. Sonogram for vertical probes in soft- and hard-faced designs 
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Fig. 10.33. Focussed probe for immersion testing (schematic) 

Fig. 10.34 Focussed probes for contact testing: designed by Krautkrlimer-BAM (Bundesan
stalt flir Materialpriifung). a vertical and angle probes; b cross-section (schematic); 1 crystal, 
2 and 3 lenses 

If this is not sufficient for any special purpose, as for example in Fig. 10.33, special 
means for focussing and shortening of the focal distance can be used in accordance 
with Section 4.7. Such focussed probes are illustrated in Fig. 10.34, but having 
rather large diameters up to 75 rom, and a lens combination with a flat contact face 
according to [1655]. A rather large dead-zone has consequently to be taken into ac
count, even if a plastic with absorbent filling material is used to make the focussing 
lenses. 

For scanning of large specimens special broad-beam probes have sometimes 
been used (Fig. 10.35) up to 100 mm in width and they have also been combined 
with cylindrical lenses. Using a 75-mm-wide design it was possible to detect a flat
bottomed hole, 1.6 rom in diameter, in aluminium at a frequency of 10 MHz over a 
depth range between 2 rom and 12 mm below the surface [17, Section 44]. 

The requirement to test a larger volume with only one scan is difficult to 
achieve with constant senstivity everywhere. In addition the exact position of a de
tected reflector is not indicated. A rather better solution is achieved by subdividing 
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b 0 2 3 p.s 5 

Fig_ 10.35. Broad-beam probe (Aerotech), 2.5" width, frequency 2 MHz. 
a view; b pulse form of the echo; c echo amplitude from a 6-mm diameter steel rod at a dis
tance of 75 mm in water 

the long crystal into many single ones each excited separately. This is called a crys
tal array (Fig. 10.36) and it offers many operating possibilities. In the simplest case 
scanning can be simulated, but with the probe in a fixed point contact, by succes
sively exciting the crystals in which case the sound direction stays vertical to the 
surface. The sharpness of the beam can be improved by energising several adjacent 
crystals at the same time and then moving the group. In this way the near-field 
length can be matched to the requirements. This system is a linear array, but for 
widths larger than about 100 mm there will be many coupling difficulties. Crystal 
arrays where the phase of the excitation can also be varied, are called phased arrays, 
and offer more possibilities since they can be made shorter. Each single element 
can have a width of less than a wavelength and they are excited simultaneously, but 
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Fig. 10.36. Crystal array for linear scanning. 
a Schematic; b sound field calculated with the 
main lobe (1) and side lobes (2) for 3.5 MHz in 
water 

with a systematically changed phase shift from one to the next. By this means an 
oblique beam is generated running at an angle which depends on the amount of the 
phase shift. The near-field length, viz the distance of best sensitivity, can also be 
varied and the annoying side lobes of the beam can also be suppressed if the width 
of the elements is increased towards each end. This can also be achieved by varying 
the excitation signal amplitudes in the same way as with the Gauss probe (Sec
tion 4.8). 

Also, when this probe is a receiver it operates as a variable-angle probe. At small 
angles it radiates longitudinal waves, but at larger angles in solid material mode 
changes will take place with the production of transverse waves. 

Phased arrays can be built for contact testing as well as for immersion tech
niques. The number of separate crystals can be between about 10 (for coarse swi
velling) and several hundred (for medical applications). For materials testing (for 
.example on welds) from 24 to 50 have been used. 

For their manufacture individual strips of equal polarity are cemented'to a non
conductive damping block, or a long single crystal can be cemented to the block 
and then cut into individual strips. Electrical contact wires have then to be soldered 
separately to each element. The overall dimensions can be up to 75 mm in length 
with a width of 10 to 20 mm. See also [S 110]. 

Such arrays are already made commercially, apparently because of wide appli
cation in other fields, and also electric delay lines (tapped delay lines) for phase 
shifting are available commercially. If focussing is required, as well as sector scan
ning, two delay lines are needed in addition to microprocessors [1096] and digital/ 
analog converters, all being available in current standard production. 

The electrical circuits for switching and phasing can be built into the crystal 
housing but in spite of using micro-electronics such a complete scanning device for 
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materials testing may reach weights of several hundred kilograms. They have found 
applications in nuclear reactor testing (see Section 13.12 and [1111]). 

10.4.2 Single-Crystal Angle Probes 

To generate obliquely incident waves in solid materials use is made of the refrac
tion of incident longitudinal waves, with or without mode changing, to transverse 
waves (Sections 2.3 and 2.4). The effectiveness of this process, as measured by the 
amplitude of an echo, is shown as echo transmittance in Fig. 2.14. (See also Tables 5 
to 8 in the Appendix). For example in the refraction from water into steel every 
angle in steel can be achieved with incident angles in water between zero and 27°. 
Between zero incidence and 14.5° we obtain a strong longitudinal wave in the steel, 
and beyond that, by mode changing, we have a strong transverse wave. The continu
ous variation of the incidence angle can be carried out easily by moving a longi
tudinal probe in a water bath but for practical requirements this method is not very 
useful. Other methods for continuously varying the angle will be described below 
but for most practical applications probes having fixed crystals for several pre-se
lected transverse wave angles are in use. They consist of a wedge-shaped intermedi
ate block onto which the crystal is pressed or cemented (Fig. 10.37). Sometimes 
standard normal probes are used fitted with an exchangeable wedge which defines 
the angle in the specimen (Fig. 10.38). The replaceable wedge can be changed after 
wear. When changing the wedge sufficient coupling material (grease or oil) has to 
be applied, because lack of it will distort the sound field. 

If the complete probe is mounted within a housing (Fig. 10.37) the worn contact 
surface can be reground or replaced after use. The housing can also exhibit a mark 
indicating the sound exit position (or probe index) on the side wall and from this 
the axis of the beam has to be calculated for flaw locating. 

The angle of sound in the material of the specimen can go up to 90° only if the 
refraction angle in the material is larger than the angle of incidence, i. e. if the lon-

8 

7 

Fig. 10.37. Angle probes (design Krautkriimer). a cross-section, schematic, 1 oscillator, 
2 coupling layer, 3 wedge of plastic, 4 electrical matching, 5 contact, 6 housing, 7 absorbing 
material, 8 cover; b two different examples 
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Fig. 10.38. Angle probes with exchangeable wedge 
(design Krautkramer-Branson) 

Table 10.1. Angle of the transverse wave in come materials corresponding to standard 
angle probes for steel 

Angle in steel 35° 45° 60° 70° 80° 

Angle of transverse wave in 
Aluminum 33 42.4 55.5 63.4 69.6 
Copper 23.6 29.7 37.3 41 43.4 
Grey iron (average value 23 28 35 39 41 

of lamellar iron) 

gitudinal sound velocity in the wedge is smaller than the transverse velocity in the 
specimen. For steel with Ct = 3150 mls therefore plastics can be used, especially 
Perspex with C\ = 2730 mls or if a still lower absorption is of importance polystyrene 
with C\ = 2350 m /s. 

In certain materials, for example copper (ct = 2260 m/s) or grey cast iron 
(2200 m/s) the range of angles which can be reached when using Perspex is less 
than 90°. According to [1228] certain types of Nylon are suitable as alternatives (c\ 

between 1680 and 2600 m/s) and also Teflon (1350 m/s). 
As a first approximation the necessary angle of the plastic wedge can be calcu

lated from Eq. (2 .3) using the two velocities. However, as shown in Fig.4.29 the res
tricted beam width, rather than a large plane incident wave, is the reason that the 
calculated value has to be corrected depending on the DI A value [1654]. The actual 
angle required is always larger than that calculated. Angle probes having nominal 
angles for steel are commercially available and when using them on other materials 
the variation of the angle according to Table 10.1 has to be kept in mind. With 35° 
probes used on copper and grey iron a longitudinal wave is still present in addition 
to the transverse wave at angles of 57° and 55° respectively. On these materials it is 
therefore recommended only to use probes of higher nominal angle. 

Figure 10.39 shows the simplified sound field (Sonogram) for several commer
cial angle probes (cf. Fig. 10.32 for vertical probes). The beam cross sections are not 
circularly symmetric and in the direction perpendicular to the drawing plane the di
ameter is usually reduced by about one third, because in this plane no refraction 
takes place at the surface. 

At this point further problems relating to angle probe construction can be men
tioned. At the contact face with the specimen a part of the energy is always re
flected effectively lowering the echo transmittance as shown in Diagrams 5 to 8 in 
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Fig. 10.39. Sonograms for 45° angle probes 

the Appendix. It would be optimal if the acoustic impedances on both sides of the 
contact face (for longitudinal waves in the wedge and for transverse waves in the 
material of the specimen) would be equal. For this reason the combination per
spex/aluminum is better than perspex/steel and for steel a wedge material such as 
lead is theoretically better. However, the unavoidable layer of coupling liquid de
stroys the advantage in practice. In addition the filling of plastic with heavy materi
als makes great difficulties for batch production of uniform quality. 

Another problem arises from that part of the wave which is reflected at the con
tact surface back into the Perspex wedge. This is reflected back and forth within the 
wedge and then arrives back at the crystal. These reflections are responsible for the 
long dead zone and the principal means of avoiding them is by using a wedge mate
rial of relatively high absorption such as Perspex. In addition all free surfaces of the 
wedge should be covered by absorbing layers forming an acoustical sump, and these 
could consist of filled cast resins, or hard rubber blocks. Additionally these surfaces 
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can be shaped (as visible in Fig. 10.38) in the form of saw teeth or with boreholes 
filled with absorbing material. A full suppression is not possible, especially at high 
sensitivities, because there will always be some energy directly scattered from the 
contact area back to the crystal, especially on a specimen with rough surfaces. 

This problem is especially difficult for angle probes generating longitudinal 
waves in steel, because the wedge angles for angles of 45° to 70° in steel are rather 
small, being only 19° to 27°. To improve the subsurface resolution the length of the 
wedge-shaped delay line can be made bigger so that the reflected part of the energy 
at the contact face cannot be received directly by the crystal. Also, such probes 
generate a certain additional amount of transverse waves at smaller refraction 
angles and their effect must be distinguished by the longer echo transit times as 
Fig. 10.40 shows. 

To generate boundary waves such as Rayleigh and creeping waves the same de
signs of angle probe are used as above but the angle of the wedge is somewhat larger 
than the second critical angle. 

In principle transverse waves can be introduced into solid materials by direct 
transverse-wave generating crystals, as for example transversely polarized piezo-cer
amics or, with lower efficiency, by Y-cut quartz, but direct coupling with rather ri
gid materials is practical only for steady contact. For oblique radiation it is possible 
to construct a probe from such a transverse-wave generator cemented to a metal 
wedge. If the plane of polarization is parallel to the plane of incidence (SV wave), 
the wave can penetrate a very thin and uniform liquid coupling layer (see Fig.2.16) 
in spite of the large acoustic impedance differences between liquid and metal. The 
practical range of angles is from 30° to 80° as with standard angle probes but steeper 
incidence angles can only be effected by rigid coupling. Transverse wave generators 
have also been used in crystal arrays [96]. 

a 

Fig. 10.40. Testing with oblique longitudinal waves at small angles. a Screen picture with the 
echoes from the test block, L longitudinal wave, T transverse wave; b probe with Perspex de
lay wedge on semi-circular test block of steel 

a b c 

Fig. 10.41. Some designs of focussing angle 
probes according to (748). a With spherically 
curved oscillator; b with a spherical mirror; 
c with spherical lens 
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Focussed angle probes have considerable importance for weld testing (Chap
ter 28) and Fig. 10.41 shows some designs. 

For certain testing tasks it becomes desirable to vary continuously the 
angle of the transverse wave. Some possibilities are shown in Fig. 10.42. In the first 
illustration [1024) two wedges, one of which carries the crystal, are rotated relative 
to each other. The angle as well as the plane of incidence is changed. In the 
second solution, the piezo-crystal is cemented to a semi-cylindrical turntable in a 
hole in a plastic block, the point of incidence is varied together with the angle. In 
the third design the exit point remains almost constant as the angle changes. In 
Fig. lO.43 the complete block is mounted in an oil-filled housing and the exit angle 
can be read in a window. 

The probe design according to Seiger et al [1395] (Fig. 10.44) is an improvement 
on the principle of Fig. 10.42b. The angle of the beam, as well as the plane of 

a 

b 

c 
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Fig. 10.42. Angle probes with continously variable angle 

Fig. 10.43. Angle probes with variable angle 
(design Krautkramer) 
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Fig. 10.44. Angle probe with remote control of the 
angle, the plane of incidence and the size of the 
oscillator 

incidence, can be adjusted by remote control. The crystal is also divided into 
several individual portions which allows the use of various different crystal sizes, 
and the corresponding near-field lengths. These can be selected by individual 
switching of the single sections. 

The first operational phased-array, but with only a few crystals and mechani
cally switched phase delay lines, was built by Bradfield in 1954 [173]. According to 
[1194] a phased-array has been made in the construction as indicated in 
Fig. 10.41 a. The curved crystal has been replaced by a number of separate ones so 
that with appropriate phase-shifting the focussing effect of the curved surface can 
be simulated and even varied geometrically. 

Figure 10.45 shows an angle probe which uses a phased-array with ten elements 
and corresponding delay lines, which are switchable to three different selected 
angles, according to Kising [1702]. 

To enable every direction in space to be used, even outside the plane of inci
dence, one can use a number of the phased arrays described above with even more 
complicated phase-shifting programs. This usually involves a very large investment 
but this can be reduced by using a phased-array in the form of a circle, cf. [S 151]. 

For continuous scanning using a swivelling beam, devices constructed like 
Fig.10.42b have been used, with a motor-driven cylinder, while others have used a 
fixed oscillator and a moveable reflector built into a liquid-filled cell. 

60' 

w6 811' 

Fig. 10.45. Switchable phased-array angle 
probe, for three selected angles 
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Modern computer-aided phased arrays (Section 10.4.1) operate without me
chanical movements, but at a far greater cost. The sound beam produced has many 
possible variations with, for example, perpendicularly incident longitudinal waves, 
or beams at oblique incidence with longitudinal and transverse waves, individually 
or combined. 

For more information about phased-array angle probes and related literature 
see Section 13.12. 

1004.3 Transmitter Receiver (TR) Probes 

When using single-crystal normal-beam probes the subsurface resolution is often 
not satisfactory because of the dead-zone which follows the transmitter pulse. Even 
when using for example a Perspex delay line which replaces the large transmitter 
pulse by a smaller surface echo, this can also mask a limited subsurface range. 

To improve this situation twin-crystal probes are used in the so-called transmit
ter receiver or TR probes (Fig. 10.46). 

The crystals, usually of semi-circular or rectangular shape, are cemented to a 
delay line and are very carefully shielded from each other, both electrically and 
acoustically. They are mounted in a common housing with two separate connectors 
and linked to the flaw detector by twin cables. For the use of these probes the flaw 
detector must have the means of separating the transmitter from the amplifier 
with a minimum of cross coupling. 

The V -shaped track of the pulse in the specimen in Fig. 10.46 is longer than the 
double thickness. This "error of detour" has to be compensated when measuring 
thicknesses (cf. Section 11.2.2). 

Fig. 10.46. Principle of a TR probe and path of the sound. 1 separat
ing layer, 2 oscillator, 3 delay line, 4 "roof angle" 

Fig. 10.47. TR probes (design Kraut
kramer), left: for manual testing, right: 
two designs for broad-beam automatic 
plate testing 
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Fig. 10.48. Subsurface-defect indication using a lO-MHz TR probe, left: without defect, right: 
with defect indication. 1 surface or cross-coupling echo 2 defect echo (flat bottom hole 
0.4 mm in diameter at a depth of 1.2 mm) 3 back echo of a 6.3-mm titanium plate 

Sonogram 
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Fig. 10.49. Sonograms of some TR probes 
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Figure 10.47 illustrates some typical designs. The separating layer between 
the halves must have very high attenuation for ultrasound and is usually made 
therefore of a porous material such as cork or foamed plastic. In addition in the 
neighbourhood of the crystals it must be fitted with electrical screening to pre
vent electric cross coupling. In an ideal design sound can only reach the receiver by 
way of the specimen but in practice a residual cross coupling cannot be completely 
avoided because some energy will find its way directly across the contact surface. 
The practical quality of a TR probe depends on the extent of this cross-coupling 
surface echo, a good value being in the range 40 to 60 dB below the back echo from 
a thin plate (see Fig.1O.4S). Figure 10.49 shows more examples of sonograms from 
typical TR probes, as in Figs. 10.32 and 10.39. 

Some applications have also been found for TR angle probes, because the dead
zone of standard types is often far too long. The TR principle has a big advantage 
for longitudinal wave angle probes (Section 10.4.2) and the use of creeping-wave 
techniques is only possible with TR probes. 

Vertical TR probes are much used for wall-thickness measurement, especially 
for those cases with a corroded rear surface. They can be used to detect pitting in 
tubes which would be impossible to find with a standard single-crystal probe. As an 
example of the resolution obtainable, a flat bottom hole of 0.4 mm diameter can 
be indicated at a depth of 1.2 mm below a smooth surface, by using a 10-MHz TR 
probe. 

The performance of a TR probe is greatly affected by the "roof angle" which has 
an important influence on the distance of maximum sensitivity, or the focus dis
tance, as can be seen from the sonogram diagrams. Angles up to 12° can be used 
but larger angles greatly increase the cross-coupling surface echo. 

The electrical matching of TR probes differs in principle from that of single
crystal probes, because it is no longer necessary to compromise between matching a 
single crystal as both transmitter and receiver. In a TR probe each crystal can be 
matched separately and even different types of piezo-electric materials can be used 
to obtain an optimum performance. 

10.4.4 Transducers for use at high temperatures and for Special Applications 

Standard probes can be used between - 20°C and + 60 °C without problems, and 
even higher temperatures won't damage probes if they are used only intermittently 
and with intermediate water cooling. For prolonged periods of testing at elevated 
temperatures special materials can be used for manufacturing probes including the 
crystal, cements, adhesives and the backing/damping block. 

I, 
r 
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Fig. 10.50. Broad-beam TR probe. 1 transmitter, 2 sepa
rating layer, 3, 4 and 5 receiver crystals 
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Among the piezo-ceramics lead meta-niobate is suited for use up to 300°C and 
lithium niobate up to 1000 °C. For backing blocks sintered metals have been pro
posed in [541] and it is possible to adjust both the acoustic impedance and the ve
locity of these materials as necessary. In addition to high temperature resistance 
the thermal expansion must also closely match that of the ceramic oscillator. 

Materials for use as delay lines can be either a heat-resistant polyamide (up to 
400°C) or sintered metal (800°C), or quartz glass (1200 0c) and it is sometimes suf
ficient to make only the delay line from a heat resistant material and to cool the re
mainder of the probe by circulating water or air. For wall-thickness measurements 
TR probes using quartz glass delay lines have been used, which can operate on sur
faces up to 600°C for periods up to 5 s, after which they can be cooled in water. 

Crystal cements for use up to 250°C are commercially available, and there are 
also types for use at even higher temperatures, but here the quality of the cement
ing is rather bad since the thickness gets too large and has high attenuation. An alt
ernative way of making contact at high temperature is to press oscillator, delay line 
and damping block together with screws and springs and by using a high boiling
point liquid for all the couplings. In [939] are described special probe~ for continu
ous testing up to 300°C. 

For inspection of nuclear reactors it is necessary to have probes resistant to radi
ation and usually also to high temperatures. Special suitable materials for cements, 
oscillators, cables and casting resins are currently available (see Chapter 30). 

For testing plates and billets broad beam TR probes as illustrated in Fig. 10.47 
are in use. As shown in Fig. 10.50 they contain one large transmitter crystal and 
three separated receiver crystals. For details of applications see Part D. 

In [1652] a special TR longitudinal-wave/angle probe for the generation of 
creeping waves is described. 

Finally a useful multi-purpose probe can be mentioned. If a standard vertical 
probe is mounted inside a liquid-filled rubber tire (Fig. 15.13), it is possible to roll 
the tire along surfaces for continuous inspection and/or to swivel the beam through 
the contact area using longitudinal waves or transverse waves produced by mode 
changing [684]. 

10.5 Characteristics of Pulse-Echo Flaw Detectors and Probes 

The characteristics and properties of a system consisting of a flaw detector and a 
probe, as defined below, can only be assessed in accordance with particular applica
tions and therefore we will restrict this treatment to the question of definitions and 
the different methods used for checking the various physical properties concerned. 

10.5.1 General Specifications 

1. Ambient Conditions 

A testing device must remain fully operational even when subjected to adverse am
bient conditions. 
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According to DIN (German standards) one has to distinguish between "condi
tions for storage and transport" and "conditions for use". Under the first it is neces
sary that the device will not suffer any damage when not in use. Under the latter 
conditions it must be guaranteed that all equipment functions operate in accord
ance with performance specifications. 

The most important ambient conditions which must be taken into account are: 

Range of temperature; 
Humidity of the air and dew point; 
Mechanical stresses produced by shocks and vibrations; 
Stability of the mains voltage; 
Electromagnetic interference fields; 
Rain, sprayed water, dust and dirt; 
Ambient light intensity and its effect on the legibility of the screen picture 
and! or any digital display 

2. Operation. Reliability of Inspection 

Another important group of specifications and associated characteristics refer to 
the practical operation and its relationship to the reliability of the results obtained. 
These are: 

The time necessary for training an operator; 
Fail-safe properties; 
Reproducibility of the results of any test; 
Brightness of the screen, sharpness of focussing, the size of the screen picture 
and!or of digital displays; 
Design, lay-out and number of controls; 
Calculating aids for sound beam calibration; for example direct adjustment of 
the screen display in absolute units of path length by internal calculations of 
the sweep calibration, based on the velocity of sound and the angle of the beam; 
Simplicity of adjustments; 
Numerical indications of distances, wall thicknesses, position and length of 
gates, and gain of the amplifier; 
Simple and reproducible data input; 
Documentation of the testing data and of the results; 
Simple means of checking operational functions; 
Potential for connection to auxiliary units, such as computers; 
Use without connection to the mains: time of function using a battery source of 
power; 
Weight and physical dimensions. 

To these general specifications must be added the safety requirements of the 
VDE (Verein Deutscher Elektrotechniker) and the requirements for possible inter
ference with communications by the German Post Office. 
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10.5.2 Technical Characteristics of the Flaw Detector for its Applications 

There are many different specifications covering the accuracy required of flaw de
tectors for specific applications and a general survey would not be possible. On the 
other hand equipment manufacturers usually guarantee data only for individual 
groups of functions. 

In the following discussion we will establish the most important requirements 
for most applications and their relationship to the functional properties of the un
its. 

Properties specific to each application can be divided into four main groups. 

1. The precision of echo-amplitude evaluation and how accurately the size of an 
equivalent reflector can be equated with that of an unknown reflector. The accuracy 
of echo-amplitude measurement depends on the precision of the calibrated gain 
control, the vertical linearity and the stability of the transmitter voltage. 

The frequency band of the transmitter pulse and the amplifier also influence 
the precision of signal amplitude evaluation, and for good measurement reprodu
cibility the basic properties of the probe, viz. oscillator diameter, centre frequency 
of the pulse and its damping are important. 

2. The precision of distance measurement. This property depends on the linear
ity of the time base, the stability of the pulse relative to the sweep, the width of the 
screen and the precision possible in reading the screen picture. For devices with nu
merical indications the accuracy is affected by transit time errors, stability of the 
gate threshold and the precision of the counting frequency. 

Distance measurement also depends on the properties of probes, principally the 
sound field, the damping and (for angle probes) the position of the beam index and 
the error of the beam angle. For TR probes the "error of detour" (see Sec
tion 11.2.2) has its influence on the precision of wall-thickness measurements. 

3. The sensitivity, which can be expressed in terms of the smallest reflector just 
detectable in a given material at a given distance. This property is determined by 
the transmitter energy, the limiting sensitivity of the amplifier (viz. noise level and 
band width) the shape of the sound field of the probe, its damping and the coupling 
losses. 

4. The depth resolution, as expressed in terms of the smallest distance from the 
surface at which a reflector of a given size can be recognized, or what minimum 
wall thickness can be measured. This property depends very much on the quality of 
the probe, and in particular its frequency, its damping and.the suppression of rever
beration and secondary resonance. In addition the rise time of the transmitter 
pulse, as well as the amplifier characteristics are important. These include the am
plitude and phase as functions of the frequency, the video bandwidth of the recti
fier, and the quality of the frequency cutoff. Manufacturers rarely give definitions of 
these latter properties because of the different requirements a unit must have, ac
cording to very different applications. A general difficulty in doing so lies in the 
fact that precise data can be fixed only for a complete system of flaw detector, 
probe and test object. Further information on basic probe resolution is given by the 
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so-called corrogram diagram established for individual probe types by the Kraut
kriimer company, see Fig. 10.65. 

10.5.3 Checking the Instrument Properties 

With the increasing applications of ultrasonic materials testing many official and 
unofficial specifications have been established concerning specific products (Chap
ter 34). They always contain certain demands on the performance of flaw detectors 
but often there are no exact defInitions nor generally accepted methods of measur
ing them. In the meantime this problem has been dealt with by official institutions 
in different countries. Here we will mention a proposal of the German Society for 
NDT, see [1711, 1083, 1079], and DIN 54124. 

This standard enables the establishment of manufacturing data for general 
equipment comparability and also for regular checks of units in use. The latter task 
must be carried out by every operator, without much special training, and so some 
of the basic properties have to be checked in a simple way for consistency. On the 
other hand there have to be exact defInitions, and methods to measure them on a 
scientifIc basis, but this is not possible for all properties. Consequently a class A for 
elementary checks, and a class B for exact defInitions and objective measuring 
methods, have been proposed. There were already existing check methods using the 
test blocks 1 and 2 (DIN 54120 and 54122), see Figs. 10.51 and 10.52 and [1079], 
which have been used for the class A checks. 

Difficulties appeared very early when an attempt was made to separately defIne 
the properties of a flaw detector and of a probe because the one always influences 
the other. In addition in different designs the separation of the two elements is not 
always possible since tuning and matching elements can be housed either within 
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Fig. 10.51. Test block 1 for calibrating the 
time base (depth scale) of a flaw detector 
for vertical probes (longitudinal waves) for 
angle probes (transverse waves), for deter
mining the probe index and beam angle of 
angle probes, and for checking the short
term consistency of the sensitivity of verti
cal probes 



10.5 Characteristics of Pulse-Echo Flaw Detectors 209 

12.5-

Fig. 10.52. Test block 2 for checking miniature angle probes 

the flaw detector or within the probe. At higher frequencies even the probe connect
ing cable plays a role. For this reason only the properties of the whole system have 
been systematically defined even when measuring probe data and when the influ
ence of the driving unit is very small. 

The whole system can be conveniently divided into the display unit, including 
the power pack and oscilloscope; the amplifier; and the transducer with its sound 
field. 

10.5.3.1 Properties of the Display Unit 

This section can be placed in class A and and is tested mostly by simple methods 
including the following properties: linearity of the time base; mains-supply varia
tions and behaviour during warming up after switching on; legibility of the screen 
picture with ambient illumination and at a selected pulse repetition frequency. For 
all these properties numerical values can be assessed. The legibility of the screen 
picture is for example measured by the background illumination, in Lux, at which 
an echo pattern can no longer be recognized by the operator from a certain viewing 
distance. Some older units score only some hundred Lux in this test but more mod
em score some thousand Lux and this indicates that the modern designs have been 
made with a view to be used on site in the open air. 

10.5.3.2 Properties of the Amplifier 

Here we are concerned with the overall sensitivity, the echo resolution and the am
plifier-system's characteristics. 

As a very simple method of checking the stability of the sensitivity the number 
of multiple echoes received from a plastic block was used very early and this plastic 
block was incorporated into test block 1 (Fig. 10.51, position 1). The method fails at 
low and high frequencies, and it is also not possible to use it to compare different 
types of probe. A probe with a soft coupling layer is at an advantage when com-
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pared to one with a hard contact surface. Nevertheless the test remains in class A 
but only for a check of stability of performance. 

In class B another test has been established to measure sensitivity by using the 
gain reserve. With this system the maximum obtainable echo is produced, either 
from the rear echo of a flat plate, or on the test block 1 (Fig. 10.51, position 2) for 
vertical probes, or for angle probes the echo from the quadrant block (position 3), 
which approximately equals the maximum echo in this case. For smaller angle 
probes with a shorter near-field length the test block 2 (Fig. 10.52) has been deve
loped. 

The maximum echo is then reduced by using the calibrated gain control until a 
standard reference height is obtained (about 50 % of full screen height). There is 
now a degree of amplification in hand up to the maximum possible setting, and 
this, measured in dB, is the gain reserve. However the noise level of the equipment 
has also to be considered, since it will also affect the reading of an echo amplitude. 
It is specified that the noise level (or "grass") must not be more than 50 % of the ref
erence height, when measuring the gain reserve since above this level further am
plification would then be useless. 

For these measurements a built-in calibrated gain control is necessary but in 
some simpler and older instruments this is not provided. So a special test unit must 
then be used, the so-called test pulse generator. This will feed into the system an arti
ficial echo pulse of any selected frequency, position and amplitude, thus allowing 
an indication fa the maximum gain of the unit and therefore also the gain reserve. 

Amplifier characteristics are shown in Fig. 10.53 having three different shapes. 
Type a is the ideal linear curve, with saturation only at a high input voltage. Type b 
shows a curved threshold, which suppresses small indications, and type c is of the 
logarithmic type. The saturation point, as well as the threshold, can be identified in 
class A from a sequence of multiple back echoes, but only qualitatively. For class B 
the deviations from the ideal curve a are measured as the "upper and lower devia
tion of proportionality" ~l and ~u (Fig. 10.54). A test echo is adjusted to be at half
scale height for which the amplifier control is set at 0 dB. The measurement is then 
carried out at -14 dB (10 %) and +6 dB (100 %) of the input voltage. 

The formerly used characteristic of dynamic range was intended to indicate what 
was the smallest echo just discernible on the base line, when a large echo still 
showed some variation in its height when the input voltage was increased by 10%. 

Input voltage --

Fig. 10.53. Amplifier characteristic showing echo am
plitude above input voltage. a linear amplification; b 
with threshold; c logarithmic amplification 
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dB 6 Fig.tO.54. Upper and lower deviations of pro
portionality, .Au und AI 

This condition means that the amplifier must not yet be fully saturated but in prac
tice such observations give very subjective values, especially if the base line is not 
free of noise. A measurement at 10 % of the height of the scale is preferable. 

A comparison with the maximum echo of a system, as is usual when using the 
DGS diagram, is allowed only if the amplifier has not yet reached saturation. 
Therefore as a further important property the input overloading is measured. 

For use of the DGS diagram, as well as for measuring the attenuation of a mate
rial, the working frequency of the system has to be known, (viz. the centre frequency 
contained in the echo), and this can be measured with a calibrated time base dis
playing the echo in its high-frequency form. At the same time any significant 
strong pulse distortion can be recognized so that probes with such distortion can be 
excluded from making quantitative evaluations. 

To estimate the "resolution" for class A the base width of an echo is measured 
and indicated in terms of mm steel. A go/no-go test is possible using test block 1 
with a vertical probe placed in position 1. The three individual echoes must be 
clearly separated on the screen (Fig. 10.51 [1079]). 

In class B the resolution is evaluated quantitatively for all types of probe and one 
has to distinguish between the resolution following the transmitter pulse and fol
lowing another echo. The fIrst case refers to the possibility of detecting subsurface 
reflectors and the second to the possibility of distinguishing two reflectors situated 
close together. 

Figure 10.55 shows the set-up using a generator unit which feeds a test pulse 
into the system. The test pulse can be shifted from right to left so that it approaches 
either the transmitter pulse or any other echo. It will be observed that as it ap
proaches up to a certain distance its amplitude will start to change. The reason for 
this is the interference with small oscillations which follow the larger transmitter or 
echo pulses, but which are not yet visible on the screen in consequence of the recti
fIer threshold. Within the high frequency range of the amplifIer however they can 
interfere with the test pulse and hence they create a "dead-zone" in which quantita
tive evaluation of an echo is impossible. To assess the extent of this so-called pulse-
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Test pulse 
generator 
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Fig. 10.55. Determination of the resolutions by using a test-pulse generator 

JOmm Sleel 

Fig. 10.56. Appearance of a 4-MHz test pulse when approaching the transmitter echo at two 
different amplifier gains. a gain adjusted so that the maximum echo of the system reached on 
a plate equals the reference height (standard gain); b at lOx higher gain (+20 dB) 

influence zone the test pulse is allowed to approach the larger echo up to that point 
where it decreases by more than 1 dB for the first time (Fig. 10.56). This range ap
plies to both the transmitter pulse or another echo and defmes the distance in 
which a reflector echo cannot be properly evaluated because of the influence of the 
foregoing pulse. As the test pulse approaches, a position is reached where the two 
echoes cannot be separated. This is where the saddle between the two echoes is 
higher than 50 % of the test pqlse and the distance measured from the beginning of 
the first echo is called the resolution distance or the dead zone. The pulse influence 
zone ia usually several times the length of the dead zone. 

10.5.3.3 Properties of the Sound Field and Probe Data 

In this section the probe data and the methods used for their measurement will be 
defined. As always we assume that the probe concerned is connected to a suitable 
flaw detector. When changing from one equipment to another the test frequency, 
according to DIN 54119 [1714], the pulse shape and the sensitivity can change. For 
this reason the ESI standards [1720 to 1722], require that the manufacturer speci
fies which flaw detectors and connecting cables are allowed. 

For the determination of probe data we can use simple methods applicable by 
an operator on site (class A) and more fundamental ones which can only be carried 
out in a well equipped laboratory (class B). The class A tests are specified in the 
DIN standard 54124 [1717], and the quantities to be measured are widths of trans
mitter pulse, back echo, entrance echo (for immersion techniques), echo-influence 
zones, dead zones, cross coupling, noise level and probe index, beam angle and 
squint angle of angle probes. In addition to the test blocks 1 and 2, a further set of 
blocks is required for TR probes and the measurement of focal distances. 

It should be mentioned, that the values measured by these test blocks do not al
ways correspond accurately to those encountered in practical testing, but they serve 
approximately to compare the quality of different probes. Wiistenberg [1644] has 
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Fig. 10.57. Frequency spectrum of a 4-MHz angle probe (design Krautkramer) 

shown that there can be systematic differences between beam angles measured with 
the test block and by using the electrodynamic receiver (see Section 8.4 and 
[1646]). Additionally the width of the standard test blocks sometimes seems to be 
insufficient when rather broad beams are used. 

Additional probe data such as the working frequency, electrical bandwidth and 
the structure of the sound field in longitudinal or transverse directions, can be mea
sured only with tests under laboratory conditions. The working frequency is the 
center frequency of the echo pulse at the amplifier input and for its measurement 
the echo must be gated out and fed to a frequency analyser. A typical result is illus
trated in Fig. 10.57, showing the band of frequencies contained in a particular 
pulse. The lower and upper frequency limits at 3 dB below the peak amplitude are 
measured and the average value is the working frequency required. 

The band width of the probe can be determined from the same test but for these 
measurements the test block must have no appreciable attentuation in the fre
quency range concerned. 

For immersion testing the probe data are evaluated under water, the sound pres
sure being measured with a miniature microphone (Fig. 10.58) or as an echo from a 
small reflector. 

Figure 4.18 shows a plot of the sound pressure distribution in front of a 2-MHz 
probe measured with such a hydrophon. As an alternative a spherical reflector can 
be used and in this case the result will be the echo field in contrast to the free-field, 
but a direct observation of the sound pressure immediately in front of the probe is 
not possible because of the dead zone. 

Fig. 10.58. Hydrophon with high spatial resolution 
and small disturbing effect on the field (sensitive area 
1 mm in diameter, frequency range up to 10 MHz) 
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2 

Fig. 10.59. Arrangement to measure the beam angle and the 
directivity of an angle probe. 1 test block of semi-cylindrical 
shape made from steel, 2 angle probe, 3 electrodynamic 
receiver 

A qualitative picture of the sound field is produced using the schlieren optical 
method and the photo-eleastic effect (Chapters 8 and 13). 

For contact probes a section through the beam in a solid test block can be mea
sured by scanning the backwall using a small receiver (free-field), or for the echo 
field by using a block containing a small reflector (for example a flat-bottom hole) 
by shifting the probe. In the first case an electrodynamic probe is preferably used 
as receiver because it introduces no coupling difficulties (Section 8.4 and the 
naZfP specification [1711]. 

For the same reason this type of probe is preferably used to measure the beam 
angle of an angle probe, as shown in Fig. 10.59, a typical result being shown in 
Fig. 10.60. From this trace one can evaluate the angle with a precision of 0.3°, which 
is much more precisely than with the test blocks 1 and 2. The directivity angle can 
also be obtained from this curve as the angle (Fig. 10.60) between the two positions 
on either side of the peak, where the amplitude has decreased by - 3 dB. From this 
value it is possible to calculate the effective oscillator diameter DT eff and together 
with the measured test frequency of the probe its near-field length can be calcu
lated. 

This quantity is an important characteristic of all transducers except TR probes. 
It is usually measured by immersion techniques from observing the echo of a small 
spherical reflector (a steel ball or a hollow glass sphere). When the reflector is 
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moved along the axis of the transducer the echo reach\-.) the maximum value at or 
close to the end of the near-field. However, for a more exact estimate the absorp
tion of water has also to be taken into account. At 20°C it is given by: 

fX = 0.22 P dB/m 

where f is the working frequency in MHz and both forward and return travel paths 
have to be corrected [491, 1350), see page 110. 

At too high sound pressures the absorption of water is increased considerably by 
non-linear effects, so to avoid errors the method described above should be repeated 
at reduced pulse power and both results obtained must be equal. 

A more precise method makes use of measuring the echo of a small spherical 
reflector in the transition zone between near- and far-field. Wiistenberg has calcu
lated corrections to the echo height (Fig. 10.62) which change the height-distance 
echo curve into :l straight line if plotted in log-log format (Fig. 10.61).The intersec
tion of this line with the tangent to the peak gives a distance equal to (rrl2) N [1085, 
1646). 

The advantage of this method is that it can be used with short water paths and 
still obtain sufficient accuracy. If it is possible to use large distances in water, say up 
to 10 near-field lengths, the plate-echo method can also be used [49). The echoes 
from a large plane reflector in water if plotted logarithmically give the straight line 
far-field but of course the values have first to be corrected for the absorption of wa
ter. The extrapolation of this line to intersect the zero-dB line also gives a distances 
of (rrl2) N. This method can also be used to measure the near-zone of probes which 
are not round or square but long and narrow, and also for Gauss oscillators and 
other probes with non-uniform excitation. 

If solid material has to be used for these measurements (as for example for ver
tical transverse wave probes) a set oftest plates of different thicknesses or, with pre
cautions, the sequence of multiple backwall echoes from one plate can be used 
[1083]. Here also the electrodynamic probe can best be used as a receiver on the 
backwall of solid test blocks to measure the sound fields. Values obtained at several 
distances, after correction for any absorption, show directly the near-field length in 
solids with an accuracy of about 5 %. 

With angle probes a part of the near-field length lies within the plastic wedge 
and for measuring and correction methods see the specification [1711]. 

H [dB] 

\ 
"-

~ 

o 2 3 5 N 6 
z-

Fig. 10.61. Defining the near-field length from the straight line of the back-wall echo curve 
Fig. 10.62. Correction of the echo height using the spherical reflector 
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TR probes cannot be investigated under water. To establish a DGS diagram as 
in Fig. 10.63, several test block sets have to be used with increasing thicknesses and 
with a range of flat-bottom holes as reflectors. The width of such test blocks has to 
be sufficiently large to avoid side-wall effects. 

All this probe data can be listed in a data sheet supplied for each individual 
transducer when used with the specified connecting cable and flaw detector 
(Fig. 10.64). 
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Fig. 10.63. DGS diagram of a TR transducer measured with flat bottom holes of diameter DR 
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Fig. 10.64. Data sheet of a miniature angle probe (Krautkrlimer) 
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Fig. 10.65. Corrogram for several probes used with the wall-thickness meter DM2 (design 
Krautkriimer) 

The German specifications (DIN [1717] and DGZfP [1711]) include no allow
able limits for the data but only specify methods of measurement. In other coun
tries there are often strict requirements laid down. For example the British ESI 
standards give acceptable limits for the frequency (± 10 %), the pulse width, the 
beam angle, the squint angle, the signal/noise ratio and the size of the beam side 
lobes. Japanese Standards JIS Z 3060 [1731] have also similar fixed limits. 

For the problem of wall-thickness measurement, especially on corroded walls, 
Bosselaar and Goossens [166] have introduced a type of DGS diagram, called a cor
rogram (Fig. 10.65). It shows the allowable range of distance and equivalent reflec
tor size for different transducers when used with a wall-thickness meter. It is very 
useful in the case of pitting corrosion and allows the comparison of different wall
thickness meters. 

10.6 Instruments Made for the Pulse-Echo Method of Testing 

The first commercial instruments have been manufactured in 1943, at about the 
same time, by Sperry Products Inc. Danbury, Conn. USA and Kelvin and Hughes 
Ltd, London, England. 

Some units from different manufacturers of more recent development are 
shown in Part D. Thanks to progress in solid-state electronics they have undergone 
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considerable reductions in size and weight with a simultaneous improvement in 
their performance, especially in respect of sensitivity and resolving power. 

The physical volume of the electronics is already very small by the use of many 
integrated circuits to that overall size and weight is effectively determined by the 
CR tube and the power pack (transformer and/or battery). 

Miniature flaw detectors weigh about 5 kg with a volume of a shoe box, includ
ing batteries for about 12 hours' operation. Further reductions would be possible, 
but a screen about 70 mm wide is preferred for observation at a distance of 1 m. 
High trace brightness is also preferred and these requirements necessitate more 
weight and volume. Units exclusively developed for wall thickness measurement 
are essentially flaw detectors without a CR tube and can therefore be made much 
smaller, down to the size of a pocket camera for example. 

Modern miniature flaw detectors already possess many special features, which 
were formerly to be found only in large units. These include for example a wide fre
quency band (1 to 10 MHz), a dB calibrated gain control, controllable threshold, 
distance-gain correction and several gating facilities for automatic screen observa
tion. However, sensitivity, resolving power and test ranges may still be inferior. Bat
tery recharging units are usually fitted allowing operation also directly from the 
mains. CR tubes usually have flat rectangular screens with built-in calibration 
screen and graticule. When fitted into special housings they can even be made ex
plosion safe and suitable for use under water. 

Larger flaw detectors are about 10 to 15 kg in weight and are the size of a small 
suitcase. They have larger and brighter CR tubes and can interchange various func
tion modules complete with controls, especially those for different monitors and 
gating devices. 

On site these larger units are less often used because the control functions are 
not quite so easy to manipulate and are preferably used in a laboratory or work
shop, for scientific investigations and for simpler automatic testing installations. 
Battery operation is not often required and a full mains power pack is built in. They 
also usually have outputs for further data processing. 

For automatic testing installations flaw-detector systems usually contain all 
their functions as plug-in modules. They can cope with complicated inspection 
functions by testing with several probes simultaneously and with several gating 
channels including digital data processing. They are then combined with additional 
rack-mounted units for specific purposes. The CR tube is used only for adjustments 
and occasional observation of the functions. Special units have been designed for 
much higher frequencies for high resolution of very small defects [S 178]. 

In more recent times microprocessors have not only been used in larger installa
tions for automatic testing but also in miniature flaw detectors. Used together with 
high-capacity memories all functions can be programmed and the screen display di
gitalized, which allows very bright pictures, but with the disadvantage of a 256 x 64 
pixel raster (see Fig.s 19.7 and 28.5). 

Devices using exclusively the electromagnetic pulse-echo method are today no 
longer built in batches (see for example the Ferrotron, Fig. 25.7). These units need 
high powers for the generation by electric spark gap of high current pulses thus 
causing high weights and volumes. 
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Below are listed alphabetically some of the larger manufacturers of flaw-detector 
equipment: 
Automation Industries, formerly Sperry 
Products, (USA) 
Baugh and Weedon (Great Britain) 
Karl Deutsch (Germany) 
Gilardoni (Italy) 
Krautkriimer-Branson (Germany, France, 
Great Britain, Italy, Japan and USA) 

Mitsubishi (Japan) 
Nortec (USA) 
Panametrics (USA) 
Sonatest (Great Britain) 
Sonic Instruments (USA) 
Tokyo Keiki (Japan) 
Unipan (Poland) 

10.7* The Frequency Modulation Method 

This method provides echo amplitudes and transit times in a way similar to the 
pulse-echo system. For some other echo-sounding applications, for example the in
vestigation of the ionosphere, it was used before the pulse-echo method though it is 
not so easy to understand. It was proposed for material testing by Sokolov in 1941, 
but is not being used today. 

It works with continuous ultrasonic waves, the frequency being periodically in
creased linearily after which it falls back in the form of a saw tooth. After an inter
val the cycle starts again and Fig. 10.66 shows the frequency-time pattern. At zero 
time the frequency starts from 10 and increases steadily up to II. The continously os
cillating probe must necessarily radiate the complete range of frequencies un
iformly. An echo-wave from a defect or the back wall, returns after a transit time t 
and on arrival the head of the wave has still the frequency 10 which subsequently in
creases up to II. 
Example. 10 = 10 MHz, frequency increase 5 MHz, up to 11 = 15 MHz. Swept frequency rise 
time T = 340 /JS, which is equal to the return trip transit time for longitudinal waves in 1 m 
steel. Together with the saw tooth interval of 1660 /JS we obtain a total time of the cycle of 
2000 /JS, or a repetition frequency of 500 Hz. Assuming that the leading edge of the echo wave 
from a reflector at a distance of 400 mm arrives with its frequency of 10 MHz, at the same 
time as the transmitter frequency has already increased by 40 % of 5 MHz (viz. 2 MHz). This 

Frequency 
t, 

Transmitting frequency Is Frequency of an echo wave 

Time 

Screen trace 

Fig. 10.66. Frequency-modulation method for the measurement of echo amplitude and pulse 
transit time 



220 10 The Pulse-Echo Method 

difference between the frequencies of the two waves remains constant. A reflector at a dis
tance of 800 mm would for example provide a wave at a frequency 4 MHz below the transmit
ter wave. 

In this method the probe functions as both transmitter and receiver. All signal 
voltages arrive at the amplifier input, which operates only over a narrow frequency 
band around the frequency fo or a higher one. Therefore at the time to we will have a 
strong signal from the amplifier, corresponding to the transmitter frequency passing 
fo and a further signal will occur when the same frequency of the echo wave reaches 
the probe. The appearance of the screen picture is therefore the same as for the 
pulse echo method, provided the luminous point of the CR tube is swept horizon
tally at a rate proportional to the frequency sweep and vertically in proportion to 
the amplitude of the in coming wave. 

Some practical disadvantages of the method have been eliminated by Erdman 
[393, 394] with a more complicated design. 

10.8* Electronic Methods of Improving the Indications 
of a Pulse-Echo Flaw Detector 

The "grass" or base noise in the screen picture, where echoes are difficult to recog
nize due to an inadequate signal to noise ratio, can have different causes and var
ious methods can be used to improve it. 

The electronic thermal noise originates in the amplifier and is not correlated 
with either the repetition or the ultrasonic frequency which means that it has a 
completely new form for each separate pulse. For this reason, it appears visually as 
a band by its time averaging. If the pulse power cannot be increased only the use 
of low-noise amplifiers can help further. 

More troublesome in most cases is the noise arising from the grains in the mate
rials under test caused by the multiple scattering at grain boundaries or by small in
clusions. These echoes are correlated with the pulse frequency and will therefore 
stand still when the probe is stationary. When there are small variations in the 
probe position they will rapidly change their shape, height and position. When a re
cord is made with probe scanning, real echoes can still be distinguished from this 
noise even when they are of similar amplitude. This dynamic effect is used to mea
sure the depth of the case hardness of chilled grey-iron castings by using a probe 
which is moved locally [1515, 1689, 1217]. Other scanning methods also make use 
of this effect for example ALOK, and SAFT (see Chapter 13). Some of these such 
as the ALOK method use additional electronic pattern recognition systems to sepa
rate real echoes from interfering signals [136]. 

When checking austenitic stainless-steel welds, and for other very difficult crys
tal structures where strong interfering echoes appear, more complicated methods 
can help. They are based on the different frequency content of true defect echoes 
and the interfering ones from grain boundaries [874, 1108, 1361, 540]. The split
spectrum method [498, 1114, 846, S 142, S 158] is based on the fact that the 
scattered echoes, which arise from multiple reflections, are more changed in their 
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frequency spectrum than is a true echo. To obtain real-time response the received 
signals must be digitalized, transformed into a frequency display which is then split 
into several frequency bands and re-transformed into the time domain. The presen
tation of the signals from different frequency bands differs somewhat for true and 
scattered echoes, and these can be recognized by using correlation techniques pro
grammed by an algorithm. An example called the Minimization algorithm has 
proved successful in dealing with problems of austenitic material inspection [151, 
S 16]. 

Other signal prm;essing methods, for example by using the so-called Cepstrum 
operator [8131, S 11], the separation of two closely adjacent echoes can be improved 
up to ten times better than when using the conventional method. This is of special 
importance for thickness measurement and the detection of subsurface defects (see 
also [S 172, S.33, S 136, S 35]). 

Some other methods taken from radar practice have been used to improve dis
tance resolution. A true shortening of the echo pulse would give a wider band width 
and thus make other difficulties with most materials because of the increased atten
uation at high frequencies. However, these electronic techniques mentioned 
shorten transmitter and echo pulses for an analysis. 

The transmitter pulse can also be modified to compensate in advance for those 
influences which will distort it in transit. If, for example, it will lose much of its 
higher frequency content by material attenuation, a higher level of these frequen
cies can be generated in the transmitter pulse (CS or Controlled Signal technique). 
Other methods such as the Weiner-filter and the Bark-code [234, 233, 1434, S 34, 
1090] require digitizing methods using mini- or microprocessors. 

If digital methods are used it is reasonable to digitize the screen picture also, as 
in Fig. 19.7, which shows an envelope curve of stored echoes after scanning. How
ever, the display of single echoes no longer allows the original frequency to be re
cognized in the HF display nor in the video display which may be a handicap. 

The very rapid development of microprocessors has reduced their price so much 
that they are readily available in modern flaw detectors (Krautkriimer usn 1 and 
usn 10, Panametrics EPOCH). 
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In this Chapter all those methods will be discussed in which the only ultrasonic 
testing result used is transit time. Information about the amplitude of an echo, 
which was essential in Chapter 10, is not now considered since it can only be of in
terest if it should restrict the range of measurement. A variety of instruments have 
been developed which measure pulse-transit times to evaluate such quantities as 
wall thickness, residual wall thickness, sound velocity and physical strain with ever 
improving ease and precision. 

At the same time we will include those methods, which are based on frequency 
measurement rather than on transit time, because the physical information is simi
lar. A particular transit time corresponds to a wall thickness. It also corresponds to 
a thickness resonance for the specimen and from the resonant frequency the wall 
thickness can also be derived. The frequency methods were developed before the 
transit-time methods principally because of the frequency range needed by each. 
Resonance frequencies below 3 MHz can be used for measuring thicknesses from 
I mm steel upwards but for equivalent transit-time measurements much higher fre
quencies are necessary to give sufficient accuracy. As a consequence of modern di
gital circuitry, which is very suitable for these higher frequencies, the older reson
ance methods have been largely superceded and frequencies up to ten times higher 
can easily be used. 

For more complicated wall-thickness problems see Section 33.1. 

11.1 Time-Measuring Methods 

The straightforward method to measure a wall thickness is by the direct measure
ment of a time interval between two markers. The first one, or the start, is usually' 
given by the main transducer pulse or by an entrance echo; the second, or the stop, 
is given by the back-wall echo. The more precisely that these two markers can be 
produced the more precise will be the wall thickness measurement. If the two am
plitudes are very different one can expect precise markers only from very short rise 
times at the front edge of the pulses, which means using high ultrasonic frequencies 
and broad-band amplifiers. 

11.1.1 Interferometric Methods 

One of the simplest methods of measuring a time interval is by comparing it with 
one already known. As illustrated in Fig.ll.l a second probe can be connected in 
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Fig. 11.1. Reference delay line in liquid with adjustable reflector 

a b c d 

Fig. 11.2. Interferencer of two echoes in different phases. a both echoes widely separated, the 
right (echo of delay line) is being shifted to the left; b first minimum of the observed high-fre
quency node; c maximum; d second minimum. Reflector shift between band d 0.20 mm of 
water, i. e. change of sound path 0.40-mm water which equals one wavelength, which fre
quency = 3.8 MHz. Readings reproducible to better than 0,01 mm. Measuring error for 
15-mm water section (corresponding to 60-mm steel) is less than 0.01115""' 0.7 %0 

parallel with the pulse unit, and provided with an adjustable reflector in a water
bath. Two echoes will therefore appear on the screen, one from the specimen to be 
measured and the other from the adjustable reflector. These can be brought to a 
coincidence position by varying the water path as in Fig.Il.2. This coincidence can 
be observed very precisely as long as the high-frequency content of the echoes is 
not over-suppressed by the rectifier of the unit. 

If the length of the delay line is do and the corresponding velocity of sound is Co 

the respective transit times are then: 
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The thickness dx of the specimen is obtained by accurate mechanical measure
ment and so its sound velocity (cJ is given by 

This method is quite time consuming in practice so this and similar intricate 
methods are currently carried out by using modern electronics [226, 198, 698, 4]_ 

11.1.2 The Integration Method 

Figure 11.3 explains why the transmitter pulse is not well suited to serve as a time 
marker. The time interval between the leading edges of the transmitter pulse and 
the first echo is always larger than the distances between the subsequent multiple 
echoes as a consequence of the zero error (Section 10.2.3) and the time delay in the 
coupling layer or in the liquid or solid delay lines with immersion coupling or with 
TR probes. The transit time can therefore only be measured between two successive 
multiple echoes or between an artificially generated zero marker and the first back
wall echo. 

When using the integration method these two time markers are first trans
formed into rectangular pulses (see Fig. 11.4), then into a rectangular voltage be
tween the two leading edges. The first edge switches on a constant current source to 
charge a condenser, the voltage of which therefore increases until the second edge 
cuts the connection. The final voltage attained corresponds therefore to the transit 
time, and is indicated by an analog measuring instrument. The proportionality fac
tor can be varied by the charging current during calibration of the instrument, so 

a 

b Receiver 
pulse 

I 
Zero error Bock-woll echo 

Fig. 11.3. Distance-time diagram. a and screen presentation; b of the echo pulses in wall
thickness measurements (schematic) 
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Fig. 11.5. Counting method with 
artificial start marker 

that the indicated value equals the wall thickness of a test block of known thickness 
and sound velocity. 

For further signal processing the maximum voltage reading is stored until a fur
ther thickness value appears following the next pulse, after which an analog/digital 
converter can be used to give a digital display or operate a recorder. The output vol
tages of the integration method should be stabilized by electronic low-pass filters. 
In this method the indicated reading corresponds to a time-averaged value. 

The critical aspect of the method is the time voltage conversion, which is an an
alog process and is sensitive therefore to electrical interference and time variations 
of electronic conditions and components. 

11.1.3 The Counting Method 

This method is designed to avoid the problems described in the integration method 
by digital operation. As in Fig. 11.5 the start pulse is artificially generated and cou
pled to the transmitter pulse. The stop marker is the first back echo but the time 
measured is of course too short. The difference however is a fixed value which can 
easily be added to each measurement so avoiding all problems with zero error, and 
time delays in coupling layers or delay lines. Now the time between the start and 
stop markers is measured by a quartz controlled electronic oscillator of very stable 
frequency. 

Example. For steel with a sound velocity of 5940 mls the oscillator frequency has to be 
29.70 MHz to attain the accuracy of one wave period, or a thickness accuracy of ±0.1 mm. 
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During one wave period the sound travels through 0.1 mm and back again in steel, and for 
other materials an appropriate frequency can be chosen. 

A counting circuit now counts the number of oscillator periods between the 
start and stop signals, viz. the two edges of a rectangular pulse generated by the 
start marker and the rise of the flfSt back echo. This counted digital value is fed to a 
digital display or is stored in BCD-coded form for further data processing. 

The possible errors depend on the frequency of the timing oscillator and for 
manually operated instruments the frequency and precision will usually be suffi
cient. In automatic-testing installations, however, frequencies up to 3 GHz have 
been chosen with corresponding increase in measurement accuracy. 

When using manual wall-thickness meters a better precision than mentioned 
above can be achieved by using averaging techniques. If the oscillator is free run
ning, the possible error in the counted number is one, depending on the random 
position of the pulse relative to the gate. If the counting is carried out 100 times for 
example the fluctuations of 1 in the final figure of the thickness are averaged. Ac-

cording to the laws of statistical error the computed average is boo, (i. e.10) times 
smaller than the standard deviation of a single measurement. Simultaneously the 
measured value is summed from one hundred values thus having two decimal fi
gures more. In practice, however, only one figure more is made use of in most in
struments, thus giving a more stable reading without final figure fluctuations [419]. 

If the fluctuations of the final figure are still troublesome, they can be further 
stabilised by using even more single shots with the disadvantage of an increased 
measuring time. 

11.2 Instruments using Transit-Time Measuring Methods 

Because the main applications of transit-time measurements is the assessment of 
wall thicknesses, such instruments are simply called ultrasonic wall thickness me
ters. They are small, light and handy thanks to modem electronic circuitry and the 
omission of a CR tube. They usually have digital displays as in Figs. 11.6 and 11.10. 

Trans
mitter 

f------l Amplifier 

Velocity of sound 

15.JO 

Woll thickness 

Fig. 11.6. Block circuit of a simple 
wall-thickness meter 
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The measured transit time is electronically multiplied by the sound velocity of the 
material and half this product is the thickness: 

The velocity is assumed to be constant for a given material but usually there is a 
velocity control for correcting the value for other materials the instrument being ad
justed by using it to measure a plate of known thickness. 

In accordance with differing practical requirements two types of instruments 
have been developed together with the appropriate probes. The first type which uses 
a single-crystal probe and measures very precisely, requires that both surfaces of the 
specimen are of high quality. 

The other type is less accurate but is adapted to be able to measure on rough 
corroded surfaces. In this case it is the residual wall thickness which has to be eval
uated, usually using TR probes. 

11.2.1 Thickness Measuring on High-Quality Surfaces 

For all the methods explained above the precision of the measurement is deter
mined by the stability of the time gate. The start marker is made by the leading 
edge of the echo and its exact position depends somewhat on the echo amplitude, 
which in principle should have no influence. To avoid such errors high test frequen
cies up to 15 MHz are used to obtain short rise times. In addition some wall thick
ness meters have automatic amplitude control and/or distance corrected gain, to 
keep the trigger point as independent of the echo amplitude as possible. 

Example. In an immersion-testing installation for steel plate the wall thickness meter mea
sures the time interval between the entrance echo and the back-wall echo. The back-wall echo 
can vary because of coupling differences and the roughness of both surfaces. At a frequency of 
5 MHz the trigger threshold has a height -12 dB below the maximum echo peak and if this 
decreases by 30 % the trigger point is shifted to a somewhat later time, causing an error of 
3/100 mm. A reduction by 50 % may cause even 10/100 mm apparent increased steel thick
ness. 

With scanning at high velocity it will not always be possible to compensate 
these fluctuations automatically but there are other methods of dealing with the 
problem as follows. 

Zero-crossing method [1603] (Fig.l1.7a). If we observe the unrectified echo (Le. in its 
high-frequency form), we see that the first crossing of the zero line, after the point 
of maximum amplitude, does not depend on the pulse amplitude. If this cross-over 

b 1t:rv ~t--~J~ <> 

Fig. 11.7. Generation of the time gate. a By the zero-crossing method; b by the centre-point 
method 
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point is used to determine both echo timing points the time interval does not de
pend any more on the echo amplitudes. In this method no vol~age threshold is 
needed. 

Center-point method [1053] (Fig. 11.7b). Here a voltage threshold is used, but the trig
ger point is not the first crossing with rising amplitude but the mid-point of the sec
tion between this and the second crossing, now with falling amplitude. Both these 
methods are used for larger installations only. 

A further condition for a precise measurement is a well damped probe, together 
with a broad-band amplifier to obtain short pulses. These conditions have two main 
advantages: 

On thin plate the first echo used as the start signal must be completely decayed 
before the next echo which gives the stop signal. The narrower the pulse can be 
made the thinner are the plates which can be measured. 
With low damping (i. e. a narrow-band probe and amplifier) there will be more 
than a single half oscillation which could trigger the end of the gate if the am
plitude varies. This situation must be avoided by obtaining a pulse of only a 
half wave or by good automatic amplitude control. 

Depending on the specific application different probe types are used. These are 
direct contact, contact via a solid delay line or via a liquid delay as in immersion 
testing. Thus three different methods for generating the start signal have developed 
(Fig. 11.8). The first method makes use of the transmitter pulse to start the gate 
with occasionally an adjustable delay to compensate for the zero error and delay 
time within the coupling layer. In this quite simple case contact probes are used. 
Errors can therefore occur by unpredictable variations in the coupling layer and the 
echo-influence zone following the transmitter pulse makes it impossible to measure 
small wall thicknesses. 

Screen piclure 

2 

3 

Range (sleet) Error Probe 

> o.S mm ± 0.0.1 mm Oirecl conlael 

>o.Smm 
bis 100mm 

>o.lmm 
bis SOmm 

± 0.003 mm With delay line 

,0.003 mm With delay line 

Fig. 11.8. Different methods of wall-thickness measurement 
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The second method generates the start signal from the entrance surface echo 
when using probes with a solid delay line or used in an immersion technique. 
Somewhat smaller thicknesses can be measured because the entrance echo usually 
has a shorter echo-influence zone. The measurement of large thicknesses is limited 
because the second entrance surface echo must not return before the first back-wall 
echo. 

The third method utilises two or more back-wall echoes, using the first to start 
the gate. The accuracy is similar to that of the second method, but the range is 
more extended towards the measurement of smaller thicknesses, because start and 
stop signals have similar amplitudes. However, direct probe contact is not recom
mended since the quality of the surfaces must be good and corroded ones cannot be 
measured reliably. 

The attainable accuracy of all wall-thickness measurements depends on several 
factors: 

The sound velocity for the specimen material is allowed for by adjusting the ve
locity control of the unit but it might deviate a little from the listed value 
chosen. Any error therefore affects the measured wall thickness value. Prefer
ably the unit should be calibrated and checked using a sample of exactly the 

I 

I " Ih ''I'all echo 2'; 

Fig.11.9 High frequency presentation corresponding to different wall-thickness measure
ments. a-c with hard-faced probe in direct contact. a On plastic; b on steel; c on steel with 
bad coupling surface; d in immersion technique on plastic 
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same material as the specimen to be tested, using as large a thickness as possi
ble. 
The coupling conditions always influence the precision because they can re
duce the amplitude and form of the back echo, especially on curved or corroded 
surfaces. Improving the surface quality will help in many cases but otherwise 
the method for measuring residual wall thickness with lower accuracy should be 
applied. 
High material attenuation can be another handicap, especially when working 
with high frequencies to obtain high precision. In difficult cases, as for example 
on layered media such as glassfibre composites (GFC), or on very coarse 
grained material, using a low frequency system can help but of course with 
lower precision. 
The sound velocity can actually change within one specimen as for example be
cause of different cooling processes in grey cast iron, or because of differences 
in temperature in plastic materials. 
Large acoustic impedance differences between the surface of the probe and the 
material to be tested are unfavorable and for example a hard-faced probe should 
not be used on soft materials since the range of measurement can then be res
tricted. 
A further reason for measurement errors can occur because of phase shifts in 
the echoes. There is a half-wavelength change of phase between the second 
back-wall echoes from a hard-faced probe when used on plastic and on steel 
(Fig. 11.9). This can be taken into account by electronic means but otherwise it 
results in an error equal to a half wavelength. 

Various specially developed instruments have been applied to difficult prob-
lems (see also Section 33.1): 

cast materials, 
thin plastic items, 
glass-fiber reinforced sheets, 
very thin materials, 
testing installations using multiple channels 

Figure 11.10 shows two commercial instruments for high-precision measure
ments. 

11.2.2 Residual Wall Thickness Measurements 

In the case of inspecting chemical plants for safety the residual thickness is very of
ten the main interest. This is the thickness of metal left by heavy corrosion, often in 
the form of pitting. This problem cannot be solved using the methods described 
above because the mean thickness given by a large echo is not of interest but only 
the minimum residual wall which is indicated by the small echoes from the individ
ual corrosion pits on the rear face. 

The acceptable accuracy can be lower but even very local pitting must be indi
cated. An automatic amplitude control is of little value because it will reduce the 
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Fig. 11.10. Commercial wall-thickness meters. a design Krautkrlimer type CL 240; b design 
Panametrics, type 5222 

Fig. 11.11. Record of residual wall-thicknesses in tubing plotted by scanning with a residual 
wall-thickness meter and using a special TR-probe. The amplitude of the peaks indicate the 
depth of pitting corrosion 

main back-wall echo (which is always simultaneously present) so much, that the 
pitting echoes disappear. Units suited to this problem must omit such circuitry but 
must have a very high sensitivity and TR probes are exclusively used. 

The corrogram in Fig. 10.65 indicates the useful range of various probe types 
which are different for different designs. To cover an extensive depth range several 
different types of probe must be used. For example the residual thickness range of 
about 20 mm is covered by one type and that down to 1 mm by another. 

The usual accuracy is about 0.1 rom of steel and Fig. 11.11 shows the recording 
of a scan on a corroded tube using such probes. 
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Fig.H.12. Error of detour, schematic. The 
6 mm 10.1 actual curve depends on the design of the 

probe 

The error of detour is mainly responsible for the relatively poor accuracy as 
shown in Fig. 11.12, and Fig. 10.46. The actual distance of the reflector from the 
contact surface is somewhat less than the track of the pulse because of its V-form 
and the transit time for small distances below the surface is no longer strictly pro
portional to the depth. The error can be approximately compensated by a deliberate 
readjustment of the scale zero and of the velocity but modem units try to avoid the 
error by using computer circuitry. 

Another possible error can occur with measurements taken near to the lower li
mit of the range. The first oscillation of the echo may be too low to trigger the gate, 
whereas the second will and thus cause an error of one wavelength. Usually this 
condition is recognized if contact is improved by shifting the probe position. 

A false measurement is also possible by surface-wave cross coupling if the con
tact surface is rough. The degree of roughness which will still allow the measure
ment of thin walls is usually indicated by the equipment manufacturer. 

Fig. 11.13. Commercial Corrosion Meters. 
a Sonatest "Comparagage"; b Teitsu Den
shi; c Krautkramer type DM 3 (strapped to 
an operator's arm) 
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Figure 11.13 shows some commercial designs of wall thickness meters for corro
sion measurement and special units are also available for the following special ap
plications: 

measurements on hot surfaces, 
for materials of high attenuation, 
corrosion measurement under water 

In very difficult cases pulse-echo flaw detectors with built in wall thickness me
ters can be of assistance because in these units any distortion of the echoes or of 
the echo pattern can be recognized on the CR screen (see also Section 33.1). 

11.3 Frequency-Measurement Methods 

11.3.1 Methods Using Narrow-Frequency Bands (Resonance Method) 

The thickness oscillation of a plate and its resonance with an exciting oscillation 
has already been described in Section 7.2. In this case the plate represents the wall 
whose thickness has to be measured. Resonance takes place if a continuous ultra
sonic wave is introduced and after being reflected by the back wall coincides with 
itself with the same phase. This happens fIrstly if the wall thickness is equal to a 
half wavelength, provided the wall abuts on both sides onto a soft medium, and 
thus no phase shift takes place. Then we have: 

A C 
d=-=-

2 2/0 

where c ist the velocity of the wave in the material concerned, and 10 is the reson
ance frequency. 10 is also called the fundamental or the fIrst characteristic fre
quency of the plate, as long as the excitation is carried out without appreciable 
feedback to the oscillator. Resonance will also take place at the higher harmonics 
(d = 3 x Al2, 5 x Al2, etc.) and hence at the 3rd, 5th etc. characteristic frequencies. 
To obtain unequivocal results it is necessary to measure the frequencies of two con
secutive resonance points. Their difference IV is equal to twice the fundamental 
frequency and so the thickness is given by: 

The nature of the specimen and its material properties produce the same lim
itations as those applying to the pulse echo methods in Section 11.2.1. High material 
attenuation and rough, or even non-parallel, surfaces reduce the sharpness of the 
resonance and the precision of the measurement. 

For acoustic excitation, as well as for indicating the resonance, one probe is 
used as in Fig. 11.14. This also shows the principle of the circuitry, illustrated with 
an electronic tube because at the time of these fust instruments transistors were not 
known. 
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Fig. 11.14. Circuit diagram of a resonance thickness meter 

Fig. 11.15. Branson Vidigage, model 14, showing the wall-thickness measurement of 4.2 mm 
steel 
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Fig. 11.16. Simplified scale of Vidigage for frequency range 0.75 to 1.5 MHz, with the 1st to 
4th harmonic scales. Resonance reading of a thickness of 6.5 mm by the 2nd and 3rd harmon
ics 
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With this simple circuit the frequency has to be adjusted manually by using the 
condenser C. The resonance position is indicated by measuring the anode cur
rent la, which is maximised at the resonance point. Calibration is carried out as 
usual using test blocks of known thickness and velocity. 

To avoid interference by the characteristic frequency of the probe crystal, only 
that frequency range below it is used. The sensitivity of the probe in this range 
should be as high and as uniform as possible in the whole range below its character
istic frequency and is therefore only lightly damped. 

Because the probe must be coupled to the oscillating plate it has still a slight in
fluence. In fact we have in effect two oscillating circuits weakly coupled together, 
and in consequence their resonance frequencies are somewhat shifted. If the same 
probe is always used, this error can be taken into account when calibrating the scale 
of the instrument (Fig. 11.15). 

Only manual operation of the frequency control was feasible on the first simple 
units but based on the patents of Erwin and Rasweiler [197], the company General 
Motors Inc. built in 1947 an instrument which was called the "Sonigage". In this 
the condenser was driven by a motor and the resonance point could be recognized 
on a small CR tube. More applications were found using the "Vidigage" manufac
tured by Branson Instruments Inc. (Fig. 11.15). The frequency was modulated at the 
repetition rate of the mains voltage and the resonance peaks were seen on a very 
brilliant and large TV screen. Figure 11.16 shows schematically the screen with in
dications for a wall thickness of 6.5 mm steel. 

In addition to the scale of the frequencies (top) the screen has several thickness 
scales to evaluate unequivocally the number of the harmonic oscillation. Reson
ances at the fundamental frequency have to be read from the lower scale and those 
of higher ones on the upper scales. The value is correct if the thickness indication is 
the same on two adjacent scales. 

The low accuracy of this type of equipment which is a consequence of their per
formance depending on the surface quality, as well as the progress in electronics de
sign, have made these instruments lose importance as compared to the pulse type 
instruments. It is of interest to observe that Firestone made use of the first pulse
echo flaw detector for resonance thickness measurement [452]. If the exciting fre
quency of a standard flaw detector can be continously varied and the probe has 
low damping, then when it is in contact with a thin plate the transmitter pulse ob
served on the screen becomes very elongated at the point of resonance. From the 
corresponding frequency the thickness is evaluated as before. 

11.3.2 Methods Using Wide-Frequency Bands (Narrow Pulses) 

A resonance can also be established by using the multiple-echo sequence obtained 
from a plate (Fig. 10.4 and 11.17) [395]. 

The frequency at which the single echoes follow one another is called the echo
repetition frequency and should not be confused with the pulse-repetition frequency 
or the ultrasonic frequency of the pulse. The latter merely should be as high as pos
sible, in order to obtain echoes which are as short as possible compared with the 
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Fig. 11.17. Basic circuit of the wall
thickness gauge attachment 

wall thickness therefore defining precisely the echo repetition frequency on the ba
sis of a long sequence of pulses. As customary, the pulse repetition frequency 
should be low enough to permit the undisturbed formation and decay of an echo se
quence betwen successive transmitting pulses. 

The basic circuit of a practical application of this method is shown in Fi
gure 11.17. A tunable oscillator circuit is connected to the output of the video am
plifier at the leads to the deflection plates of the CR tube. If it is tuned to the echo 
repetition frequency, each echo of the sequence results again in in-phase triggering 
of the oscillation circuit and the resonance maximum can be observed directly on 
the image screen. The scale of the rotary capacitor can be calibrated for a given ma
terial directly in transit time or in wall thickness. 

Another method for measuring transit times is the sing-around method which as 
the first ultrasonic pulse method had already been proposed and used in 1941 by 
Hiedemann [655]. In this method the returning echo of a pulse triggers the next 
pulse and so forth. Consequently, the echo-repetition frequency then equals the 
pulse-repetition frequency which can be measured with a frequency meter with very 
high accuracy. The transit time is the reciprocal value of the repetition frequency. 

Example. In a section of steel 100 mm thick the transit time is 341Js. The repetition frequency, 
therefore, will be 1134 MHz, i. e. approx. 30 kHz. The repetition frequencies, both the echo
repetition frequencies of the previously described method, and the pulse-repetition frequen
cies of the sing-around method, are in the case of wall thicknesses of 1 to 100 mm, from 
3 MHz to 30 KHz respectively. 

This method, however, gives values which are only apparently very accurate. 
The systematic error which results from the zero error (cf. p.l72) is explained in 
Fig.1l.18. A certain time elapses between the reception of a given echo pulse, its 
amplification, the triggering of the electric transmitting pulse and the actual start of 
the transit time of the ultrasonic pulse; this is the zero error by which the measured 

I 
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II 
II 
II 
I 
II 
I' " .1 

...j I-- Measured value 
Zero error 

Fig. 11.18. Principle ofthe sing-around method 
for measuring the transit time, and its systematic 
error 
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time exceeds the transit time. In order to determine and eliminate this error, the 
method has to be applied to two test pieces of equal sound velocity but of different 
thicknesses. 

For further applications of the sing-around method see [61, 538, 655]. 
Finally should be mentioned the PREDEF-method of Kaule [350, 351]. (pulse 

resonance with delayed feedback), the principle of which is closely related to digital 
time measurement (Figs. 11.19 and 11.20) 

~~~~ 
/ \ 

/ \ 
/ \ , \ 

/ \ 
/ \ 

Transmilling probe 

6 

Fig. 11.19. Block diagram of a 
measuring device according to 
the PREDEF method (the cir
cled numbers refer to Fig. 11.20) 

1NJ1NiJWv---.----
1----- Delay time ---_A 
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3t----------------~--------~~~----~--
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5t-------------------------------~ 
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7~~~~~~~~~~~~~~~~~~ 

Fig. 11.20. Oscillographs, explaining the mode of operation of the PREDEF method (cf 
Fig.l1.19) 
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In a similar way to the sing-around method the wall is excited in a thickness 
resonance. For the measurement however the free characteristic frequency is used, 
which shows itself after the excitation has been stopped. Figure 11.20 explains the 
method and for more details of it see [13], where further variations of the pulse res
onance method are also mentioned. 

11.4 Other Transit-Time Methods 

The phase method uses continuous waves of constant frequency. To measure the 
transit time, the phase of the echo wave is compared with the phase of the emitted 
wave. If the return transit-time interval in a given plate is less than one wavelength, 
it can be determined unequivocally on the basis of the phase difference, between 
zero and 2n, by which the receiving voltage is delayed. For greater thicknesses the 
measurement becomes ambiguous and to avoid errors consisting of a whole num
ber of wave lengths, the approximate thickness concerned must therefore be known. 
Since it is also not difficult to use very low frequencies, this method is particularly 
suitable for measuring thicknesses or acoustic velocities of strongly absorbing mate
rials, such as rubber and plastics and in fact this method is limited in practice to 
just such materials because multiple echoes impede the measurements. It was men
tioned by Hatfield and used for measuring thicknesses in rubber [622]. 

Finally the frequency-modulation method already explained in Section 10.7, can 
be listed, because it is in principle also a transit-time method. 
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This method is also called the intensity-measurement or through-transmission 
method and is explained in Fig. 12.1. The shadow of an inhomgeneity, which is illu
minated by an ultrasonic wave, reduces under certain conditions the intensity of 
the wave received by a second probe. The name through-transmission method 
arises obviously from the fact that two probes are often positioned face to face on 
opposite sides of the specimen but that may not always be the case. Figure 12.2 
shows an alternative arrangement of the shadow method where the beam is re
flected before being influenced by the defect, and equally is could also be reflected 
afterwards. In this situation in which a reflection takes place at a free boundary, the 
two probes can even be combined into one. Nevertheless if only the influence of 
the defect on the back-wall echo is observed, it is in principle an application of the 
shadow method, and in addition the shadowing may even have a double influence 
on both the outward and return sound paths. 

A warning is sounded here, particularly for the reader who is less familiar with 
physics, not to equate the schematic presentations of the ray paths indicated in 
Figs. 12.1 and 12.2 and many of other diagrams, with the actual propagation of 
ultrasonic waves. As discussed in Chapters 3 to 5 this presentation of the rays based 
on geometric-optical concepts of light and shadow is only valid in the extreme case 
of wavelengths which are very short compared with the dimensions of the probes 
and the flaws, i. e. conditions which are usually not fulfilled in practice or if so, only 
as a rough approximation. Unfortunately, wave physics does not lend itself readily 
to schematic presentation in the form of drawings. 

The paradoxical case may also happen, in which an obstacle within the wave in
creases the intensity at the position of a receiver, as has been shown in Section 5.3 
(Figs. 5.9 and 5.10). The method should therefore always be proved using artificial 
defects, which also allows a defect calibration at the same time. 

Transmitting probe 

High-frequency 
generator 

Receiving probe 

/ 
Amplifier ~ 

-©'~itl 

Fig. 12.1. Principle of the shadow method 
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Fig. 12.2. Shadow method 
with reflection 

Fig. 12.3. Shadow method with 
guidance of the sound 

In complicated specimens, like Fig. 12.3 which illustrates a weld in a valve body, 
it could be possible to obtain an indication of a large defect in the weld, though it 
would not be possible to identify the exact path of the wave or its type. In such 
cases one could speak of guided ultrasound. 

When using continuous waves great difficulties are caused by standing waves. 
The sound will not only propagate on the intended path from the transmitter to the 
receiver, but will suffer multiple reflections and build up a field of sound maxima 
and minima, in which the influence of the defect can be lost completely. This 
standing-wave field depends very sensitively on the position of the transmitter, the 
dimensions of the specimen and the sound wavelength so it can never be exactly 
calculated for most specimens and the sound pressure received will therefore vary 
strongly with small changes in these values. To avoid this handicap with continuous 
waves frequency modulation can help somewhat, either using periodic or aperiodic 
modulation, for example by a noise voltage, and of course the use of pulses also 
avoids the problem. 

The main practical applications of the shadow method are on specimens in the 
form of plates or shells, accessible from both sides and having planar defects ly
ing parallel to the surfaces. Examples are plate with laminations, layer-structured 
materials, fiber-reinforced materials and structures such as honeycomb which are 
commonly used in aircraft production. According to [925] fatigue cracks in tubing 
can also be detected. For further applications see Part D, and specially for plate 
testing as described in Chapter 24. 
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After having located a defect it is of great importance to know something about its 
size, since this is the basis for a decision concerning its importance for the practical 
integrity of the specimen which contains it. Its shadow, as revealed by X-ray screen
ing could already be very useful and this is the aim of all imaging methods. By the 
use of sound sensors, signals are obtained to transform the sound "picture" into a 
visual image. 

The basic handicap of such a transfort:Q.ation is the relatively large ultrasonic 
wavelength, which is the reason why the optical image can be very different from 
the "image" first produced by ultrasonic waves. A surface appearing as quite rough 
in an optical image can be presented in the ultrasonic image as a fully smooth one, 
since the spatial resolution is far lower being proportional to the ratio of the numer
ical aperture A to the wavelength, i.e. AlA. 

The method of producing a visual image by ultrasound consists of a two-stage 
process: 

Generation of an ultrasonic field which is influenced by the object under test, 
and then survey by an acousto-optical transducer which can transform the sound
pressure distribution into an optical image. 

To transfer the sound-distribution pattern produced by the object to the posi
tion of the acousto-optical transducer, some methods make use of a lens system, 
imitating the optical process. For lower quality images it may be possible to do 
without lenses as for example in the simple shadow method. An acoustic lens can 
also be simulated by electronic means (see below) or acoustic holography can be 
very well suited to reconstruct the image (Section 13.14). 

It must be said that ever since imaging instruments have been developed, none 
of them has even approached the importance of the manually operated pulse-echo 
method. The reason is mainly their large size and weight and their lack of flexibil
ity in being only capable of inspecting particular shaped specimens. Nevertheless 
they will be dealt with here but in Chapter 19 other and simpler methods are de
scribed for evaluation of the size and shape of defects. 

Compare also the publications of the following authors: Berger [134] (1969); 
Wade [44] (1976); Ahmed, Wang and Metherell [58] (1979); Haran [609] (1979); Ja
cobs [717] (1979); Greguss [572] (1980); Hildebrand [601] (1981); Aldridge and Cle
ment [64] (1982); Szilard and Hanstead [1500] (1982); Bar-Cohen [104] (1983). 
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13.1* The (Liquid Surface) Relief Method 

The surface of a liquid is locally deformed by an incident ultrasonic wave and 
Fig. 13.1 shows how this effect can be used to obtain an image of the wave field. 

The wave field in a liquid is modified by an object placed in the beam and the 
resulting ripple pattern on the surface can be related to the physical conditions of 
the object. If the surface is scanned, for example by a laser beam, it will be more or 
less deflected by the surface distortions as compared with its undisturbed parts. By 
using the edge of a half screen this deflection is transformed into an intensity mod
ulation of the light and presented on a TV screen via a photocell. 

The relatively low sensitivity can be improved somewhat by using a metallized 
plastic foil to cover the surface which gives better reflection of the laser light. 

The scanning speed can be very high and the method can therefore be consid
ered as in real time. It has been applied for ultrasound microscopy with frequencies 
up to 500 MHz (the sono-microscope instrument of the Sonoscan company) see 
Section 13.13. 

Such instruments are also known as SLAM (scanning laser acoustic micro
scope). The resolution is of the order of one wavelength and hence may be down to 
a few microns. It has found applications in medicine and for some problems in ma
terials testing for the microelectronics industry (delaminations and porosity). See 
also Kessler [774]; Kessler and Yuhan [776], with examples for its use and further li
terature references. 

Surface 

~~~>'~ 
Test Object~, ' ~ 
I ~ ~ :-.; Reflected 
~~ wave 

Transmitte~ Water 
Fig. 13.1. The relief method 

13.2* Ultrasonovision (RCA Camera) 

In this system the deformation of a thin metallic diaphragm immersed in a liquid is 
scanned by a laser the diaphragm acting as a mirror in a Michelson interferometer 
(Fig. 13.2). 

The displacement of a surface element of the diaphragm scanned by the laser 
system changes the phase of the light, which interferes with a reference light beam 
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Fig. 13.2. Ultrasonovision method, schematic (RCA Camera) 

Test object 

Liquid 

11111111111 
I I II I I I I I I I 

Transmitter 

via the semi-transparent mirror. The variations of light intensity serve, via a photo
cell, to build-up an image of the sound field. The metal foil is thin enough (less 
than 6 J.1m) to respond to ultrasonic frequencies up to 10 MHz. The physical dis
placements can be very small, even less than the wavelength of the light wave and 
hence the sensitivity achieved is far better than in the previous method. The angu
lar aperture is 50° and covers the whole area of the metallic film 150 mm in diame
ter. The resolving power is, however, again limited by the ultrasonic wavelength. 

For a comprehensive presentation with examples of applications in medicine 
and materials testing see [1036, 1571]. Reference [875] deals with the application of 
the RCA camera to an investigation of the propagation of sound in anisotropic ma
terials. For other interferometric methods see [609]. 

13.3* The Piezo-electric Opto-acoustical Transducer 
(Parametric Image Converter) 

In this method a piezo-electric plate is coated with a photoconductive layer on one 
face. The film electrode on this layer must be transparent so that if a small area of 
the photolayer is illuminated by a narrow laser beam any electric charge at this 
point is allowed to leak away and the corresponding current can be used to modu
late the light of a CR tube. By synchronizing the scanning laser beam with the elec
tron beam of the CR tube an image of the electric charge distribution is built up 
and this represents the ultrasonic image on the receiver crystal. 

Conversely local alternating voltage can also be generated by appropriate illumi
nation used to excite the plate and is followed by the transmission of ultrasound. 
By suitable shielding of the light, for example by a diaphragm in the form of a Fres
nel plate, the beam pattern of the transmitted wave (for example its near-field 
length) can be varied. This can also be carried out for the receiving stage so that by 
programming the illumination we can obtain a transmitter receiver system with a 
controllable sensitivity region, near-field length and directivity angle or beam width 
[91]. 
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13.4* Imaging by Bragg Diffraction 

The Bragg-type diffraction which takes place at an ultrasonic wave field, as de
scribed in Section 8.6, can be used to produce an acousto-optical image. An object 
immersed in a liquid cell (see Fig.8.21) influences the ultrasonic "grating" and this 
effect can be used to produce an image of the object by using a scanning laser. Ul
trasound transmitter, laser scanner and CR tube are all synchronized, and un
wanted time periods, for example those including interfering echoes, can be sup
pressed by using gates in the electronic circuit. 

This method operates in real time and is relatively simple but the low sensitivity 
and the narrow image field (see Fig. 8.29) are disadvantages. It has therefore not 
found applications either in medicine or in materials testing. 

For more details see [57] and [44]. In [624] the method is described for ultra
sonic microscopy using very high frequencies in the gigaherz range. 

13.5* The Schlieren Method 

This has been explained in Section 8.6 (Raman-Nath diffraction). The diffracted 
light, as in Fig. 8.18, which falls onto a photocell, can be projected onto a screen to 
produce a visual image of the sound field if the ultrasonic pulses and the illumina
tion flashes are synchronized. By varying the phase lag between them, the pulsed 
wave is made visible at varying path lengths. The main application of the method is 
to examine the pulse behaviour after reflection, refraction and mode changes in li
quid or solid transparent media. If a sound field is affected by a solid object placed 
in a liquid an image of the object by reflection, or through transmission, can be ob
tained. 

For examples of the value of this method see Section 13.4. For further details 
see [1116, 602, 1320,981 and 609]. 

13.6* Imaging by the Photo-elastic Effect 

See Section 8.6 and Fig. 8.21 for an explanation of the principle. The photocell can 
be replaced by a camera, or by a screen, to obtain the acoustic image of an object 
influencing the sound propagation. 

The method has a much lower sensitivity than the previous ones but has been 
used for imaging the ultrasonic field [98, 1614, 1669, 1309, 94, 1421, 598, S 187], 
and also rarely for materials testing as in [1295, 610, 791]. See also Section 13.7. 
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13.7* The DUVD Method 

The initials DUVD are used for the direct ultrasonic visualization of defects. Fi
gure 13.3 shows a device which uses the Schlieren method or the photo-elastic ef
fect according to [605]. 

In this method a large transducer projects a pulsed sound wave onto the test ob
ject which may contain defects. On their return the echoes pass the transducer and 
through a lens system which produces a spatial image of the defects within a solid 
photo-elastic body, or within a liquid-filled cell, for use by the Schlieren method. 
The defect images are made visible by using a stroboscopic flash. 

The quality of ultrasonic imaging by lenses is of course far worse than optical 
imaging because of multiple reflections and mode changing which takes place in 
the lenses. For a review of the state of the art in building ultrasonic lens systems 
see [1500], especially concerning the system of the DUVD method. See further Sec
tion 3.4 and [717, 572]. 

The Schlieren method has been found to be more sensitive than the photo-elas
tic method, but it is still about 50 dB down compared with a piezo-electric method. 
Special applications have been proposed in [628]. See also [1500, 104, 103, 627, 
981, 609]. 
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Fig. 13.3. Ultrasonic image 
projector by Hanstead and 
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13.8* Acousto-optical Liquid Crystal Converter 

Liquid crystals are liquids with optical anisotropy, and they behave optically as a 
typically solid crystal. They are also doublerefracting, which means that they propa
gate light as two partial-waves, polarized perpendicularly to each other, and to the 
direction of propagation, as long as the medium is non-absorbent. Because their ve
locities are different the plane of polarization of incident polarized light is there
fore rotated. The usual uniform orientation of the molecules in liquid crystals can 
be influenced by mechanical as well as by electric forces so that it is possible to pro
duce real time sound pressure patterns. 

Liquid crystal displays (LCD) have been the object of much research and the 
state of the art is reviewed in [320, 601], see also [572, S 147]. 
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13.9* The Acousto-visual Display Unit (Schallsichtgerat) 
of Pohlman 

The Pohlman cell [1202, 1203, 1138] is filled with a liquid in which are suspended 
very many small aluminium discs of 10-30 /lm diameter. The forces within a sound 
wave try to rotate the discs to lie perpendicular to the direction of propagation of 
the sound. This effect, known as the Rayleigh-disc effect, has been used to measure 
the intensity of sound by measuring the turning force experienced by a small disc 
suspended in a liquid. 

In the Pohlman cell the force of the ultrasonic wave is acting against the ran
dom Brownian motion. Within the range of ultrasonic intensities of about 1:10; 
the particles are more uniformly oriented where the ultrasonic intensity is higher. 
When the cell is illuminated in a direction against that of the ultrasound the re
gions of high sound intensity appear more brilliant because in these regions more 
particles will reflect the light towards the observer. 

Because of a slow reaction time, a restriction of specimens to the form of flat 
plates, and because of the bad resolution, the device has not found much practical 
application. 

As a variation from the use of discs, small plastic spheres (diameter l/lm) have 
been used [280]. In this system the physical distribution of the spheres is changed 
by the sound radiation pressure and it is made visible by scattered light. The 
method has been applied as a shadow ultrasonic microscope, at frequencies up to 
1000 MHz, and reaching a resolution of 5 /lm. The disadvantages of inertia and low 
dynamic range are, however, still present [572]. 

13.10* The Sokolov Camera 

In this device the conversion of an acoustic image to a visual one is carried out by 
scanning a piezo-electric transducer with an electronic beam (Fig. 13.4). 

The through-transmission image of the specimen immersed in a liquid is fo
cussed onto a piezo-electric receiver by a lens system. The receiver disc forms part 

I 
2 

10 

Fig. 13.4. Schematic diagram of an electronic image converter. 1 high-frequency generator, 
2 water tank, 3 transmitting quartz plate, 4 test piece, 5 ultrasonic lens, 6 receiving quartz 
plate, 7 scanning tube, 8 collector, 9 amplifier, 10 picture tube 
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Fig. U.S. Ultrasonic images of spot welds produced by a Sokolov camera at 10 MHz. a No de
fect (the fine line across the image is generated by the camera); b defective with heavy poros
ity (according to (717)) 

of a vacuum tube and its surface is scanned by an electron beam. The local dis
charge currents for each individual spot of its rear surface control the light intensity 
of a synchronized CR tube. 

The main problem met with in manufacturing such a scanning tube is making a strong 
and vacuum tight joint between a piezo-electric plate and the glass tube. The plate thickness, 
for reasons of sensitivity, has to be about a half wavelength of the ultrasound. At 1 MHz and 
for quartz it would be therefore only 3 mm thick, which restricts its diameter, and the test ap
erture, to only a few centimetres. For better resolution the frequency should preferably be 
even higher, which would restrict the aperture still more. Of some help would be to use a sup
porting grid with the plate (719). This could also be achieved by using a larger plastic plate 
carrying on its surface, on the vacuum side, a mosaic of small piezo-electric plates or a single 
large one. Using these methods apertures and testing fields of 9 cm diameter, or 15 x 21 coo 
using a crystal mosaic, have been achieved. The plastic disc which borders onto the liquid of 
the cell must of course be sufficiently transparent to ultrasound. 

The sensitivity of the Sokolov camera is not appreciably better than the other methods 
mentioned above and compared with the direct piezo-electric scanning methods of Sec
tion 13.12 has about 40 dB less sensitivity. The Sokolov camera could also be used with piezo
electric polymers instead of solid materials (PVDF, see p. 125). 

A Sokolov camera cannot work efficiently with ultrasonic pulses because the scanning of 
the receiver requires an appreciable time and it has no memory function. Using pulses never
theless, one for each scanning point, makes the building up of an image a very slow process 
and in addition the gating out of unwanted interfering waves is also not possible. 

An alternative method of operation was also proposed by Sokolov himself (1446). The re
ceiver plate itself carries on the inside surface a photo-emitting layer. When illuminated with 
ultrasound the electron emission of a particular point depends on the electric charge at this 
spot generated by the ultrasonic wave. After a flash illumination the layer is electronically 
scanned as before (547). It is also possible to "read out" the charge distribution by a laser 
scanning system (1439). According to the proposal by Sokolov the photo-electron emission of 
the layer when continuously illuminated could be displayed on a CR tube screen at the other 
end of the tube by electron-optic means and this would not need a scanning process. 

Sokolov cameras have been developed for various applications in medicine and materials 
testing and even used for under water inspections (1589). Figure 13.5 shows a result of testing 
spot welds (717). For further details see [718, 715,187,1500). 
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13.11 * The Pyro-electric Camera 

Pyro-electric material produces an electric charge when heated and the heat can be 
generated by the absorption of an ultrasonic wave. If the piezo-electric plate in the 
Sokolov camera is replaced by a pyro-electric plate or layer it can be scanned by the 
electron beam thus giving an image of the intensity distribution of the ultrasonic 
wave over the plate. 

The principle became of interest when sufficiently sensitive pyro-electric mate
rial was found, for example plastic polymers such as PVF2 (poly-vinyl-fluoride). 

Because of the inertia of the temperature equalization process the scanning can 
be carried out after the ultrasonic illumination, so that ultrasonic pulses can also be 
used, the method being quite rapid and in real time, including the possibility of 
gating-off interfering waves. Another advantage is that sensitivity increases with the 
ultrasonic frequency, the absorption in the pyro-electric layer increasing with the 
square of frequency. For the construction of a pyro-electric camera it is advanta
geous if the pyro-electric layer can be supported by a rigid plate forming the sepa
rating wall between scanning tube and cell and hence the field of vision can be 
rather large; see [716, 717, 1500]. 

13.12 Scanning Methods with Ultrasonic Pulses 

13.12.1 Band C Scan Presentation; ALOK Method 

By far the most sensitive acousto-optical imaging method remains that achieved by 
point to point scanning with a piezo-electric transducer and subsequent building 
up an image on the screen of a CR tube. Even in the early 1940s such devices were 
developed, mainly for medical applications (Dussik 1942 [353]) and since the 1970s 
also for materials testing. 

In the early devices which used continuous waves the piezo-electric scanning 
still had all the handicaps of continuous through transmission. But using the 
pulse technique the sound image is established point by point, or by a synchronized 
transmitter in through transmission, or by the pulse-echo method using one trans
ducer only. 

Figure 10.25 illustrates the way to extend the A scan presentation to B or C 
scans, with a much higher information content. However, images produced in this 
way have several disadvantages. 

The transverse resolution of both Band C scans is rather poor because of the 
broad directivity of the usual probes. Focussed probes have better resolution but 
only at the focus distance. Some further improvement is possible by using the elon
gated focus of the probe in Fig.4.37. 

A further problem is the difficulty of getting an image of large planar defects ly
ing not precisely perpendicular to the scanning beam, as explained in Section 5.1. 
It can be solved by using the so-called compound scanning in which each point of a 
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Fig. 13.6. Defect imaging according 
to Martin and Werner 

layer of the specimen is radiated from different directions and the echoes received 
are attributed by computer to the same spot. 

An old application of compound scanning to detect defects in rails is the 
method of Martin and Werner [983], which is illustrated in Fig. 13.6. The combina
tion of probes PI to P3 are single-crystal transmitter receiver probes separately con
nected to the CR tubes CI to C3 , where the echoes received are indicated by lumi
nous points as in Fig. 10.26. All are projected onto a photographic film F (for 
simplicity shown as being turned 90° from the drawing plane) which is moved at a 
speed proportional to the scanning speed of the probe combination along the rail. 

Because the time bases of the CR tubes are all inclined to the direction of the 
film movement at the same angles as between the beams of the probes and the di
rection of the rail, all echoes received from one location in the rail are combined 
into one spot on the film. This is demonstrated in Fig. 13.6 using the echoes re
ceived from a fish-plate bolt hole. Because of the beam spread the echo points are 
enlarged somewhat in a direction perpendicular to the beam direction, so that the 
hole is indicated by three short lines one each from the probes 1 to 3. Additional 
probes P; and P; give echoes via the back wall which are also indicated on the film 
by mirrors (for the sake of simplicity these are not drawn). It is clear that the repro
duction of the shape of the defect-reflector is improved with an increase in the 
number of directions of echo sounding used in producing the image. 

This principle has also been used in the ALOK method using modem computer 
techniques [577, 749, 575, 576,193, S 186] and Fig. 13.7 illustrates this method. 

When a normal probe scans the surface of a specimen which contains a reflector 
with equal reflectivity in all directions (a small side-drilled hole for example), the 
amplitude of the echo, because of the directivity angle of the ultrasonic beam, de
scribes a curve with a central maximum directly over the reflector. On the other 
hand the curve of the echo transit time has a minimum, because the reflector is 
first detected in an oblique direction. Both the amplitude and the transit-time 
curves are schematically indicated in Fig. 13.7. The reflector must be positioned on 
a circle about the probe contact point, and on another circle with a radius propor
tional to the transit time corresponding to this position. Two different positional 
circles are indicated and the position of the reflector is at the intersection of 
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Fig.13.7. Principle of the ALOK 
method (Amplituden-Laufzeit-Orts
kurven) 

the two circles. Of course in space the circles are spherical surfaces and for clarity 
in Fig. 13.7 transit time and sound path are drawn with equal scales. 

This is the well-known triangulation method and for probes with separated trans
mitter and receiver the positional curves are ellipses or in three-dimensional space, 
ellipsoids. See also [819] and the 3rd edition of this book, page 555, Fig. 30.6. 

For locating the defect position the echo amplitude curve is not necessary but it 
must be wide enough to allow scanning with sufficient echo amplitudes using suffi
ciently long paths so that a large angle of directivity is preferable. 

With natural defects, from which we expect to get an image by the method some 
difficulties arise. The two curves of Fig. 13.7 are not necessarily symmetrical and 
they need not reach their maximum values for the same position of the scanning 
probe but with a sufficient number of sounding directions and positions some aver
aging takes place. The curves of defect position as written by a plotter and superim
posed on one another indicate the actual position and shape of the reflector by a 
correspondingly high density of shading. 

The averaging technique used by this method has also the advantage of sup
pressing scatter echoes from the grain structure since they change amplitude and 
position very quickly even with small changes in the probe position and beam 
angle. In practice the signal to noise ratio is considerably improved and it is parti
cularly useful for example, when testing austenitic material. 

Difficulties arising in the ALOK method when oblique specularly reflecting de
fects are involved can be partially overcome by iterative corrections with the help of 
computer-modelled defects [749]. 

The complete installation for using the ALOK method, due to the high-class 
computer circuitry and associated instrumentation, is quite heavy and voluminous. 
Nevertheless it has proved its ability in practice and especially in nuclear reactor 
testing. 

A disadvantage of linear or planar scanning of a specimen is the relatively long 
time needed and by this method imaging in real time, for example in medicine for 
moving structures within the human body, is not possible. An important improve
ment was therefore the development of rapid scanners using oscillating probes 
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and/or mirrors to direct the beam into the specimen and such devices are now used 
for medical applications using a method called sector scanning. Examples for use in 
materials testing are given in [572, 530, 1639, 739, S 42]. Further progress has been 
made by avoiding mechanical scanning by using phased arrays, in which the beam 
angle and focus point are changed electronically (cf. Section 1004.1). 

13.12.2 The SAFf, P-Scan and SUTAR Methods 

If the transducer in a linear scanning system, as for example in Fig.10.25b, has a 
very wide directivity angle in the plane of the drawing and a narrow one perpendi
cular to it, a defect will reflect echoes from different positions of the probe as in the 
before mentioned sector scanning. An image is obtained by drawing circles around 
the individual probe positions with radii calculated from the transit times by a com
puter and as in the triangulation method mentioned above. The intersection of the 
circles gives more or less the defect position and shape. Such a device by Hanstead 
[604] works rather slowly and fails if the reflector is a specular reflector inclined to 
the drawing (or scanning) plane. 

This latter handicap is avoided by using a similar, but more complicated sys
tem, the so-called SAFT-UT technique (synthetic aperture focussing technique for 
ultrasonic testing) [503, 531, S 96]. The transducer has a broad beam aperture in all 
spatial directions and the specimen is scanned two-dimensionally in the form of a 
meander. The echo pulses are digitized and stored. After the scanning process is 
completed the defect image is reconstructed by a computer, producing a perspec~ 
tive (third-angle projection) image on the screen. The operational method involves 
dividing the complete volume of the specimen into small-volume elements and for 
each position of the transducer each volume element is provisionally considered as 
being a possible reflector position. All echoes with transit times corresponding to 
the distance from any particular probe position to each separate volume element 
are added up, having equal phases only if they are genuine echoes from a reflector 
in this volume element. All other echoes cancel each other statistically because 
they have different phases. The summed result for each volume element is a certain 
amplitude, which has an appreciable value only for elements containing genuine 
reflectors. The computer effectively synthesizes a transducer with a very large aper
ture and having a focussed beam directed to each separate point, thus explaining 
the name of the method. The resolution corresponds to the ultrasonic wavelength 
and because of the averaging quite high signal to noise ratios are obtained. By us
ing extremely rapid computers it would also be possible to obtain real-time im
ageing [504, 1403, 1521, 333, 1361, S 149, S 48, S 12, S 44], see also Section 30.5. 
Real-time imageing by this system is of course only possible if phased arrays could 
be used in place of mechanical scanning. 

Two simple systems still using mechanical scanning will now be described, 
namely the P-scan system (projected image scanning system of the Danish Svej
scentralen, SVC, Danish Welding Institute) and the SUTAR method (search unit 
tracking and recording system of the Southwest Research Institute of Texas, 
USA). 
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Fig. 13.8. Principle of the P-scan method on a weld 

The P-Scan system is specially adapted to weld testing and it records, during me
chanical scanning, the probe positional coordinates in addition to the data of signal 
amplitudes and transit times. As Fig. 13.8 explains the scan produces strip record
ings showing C and B scans of the weld, together with the echo-amplitude curve as 
a function of the probe position coordinates. 

In this way the three-dimensional position of a defect is given, along with its 
echo amplitude, for each section of the weld, and is therefore more informative 
than an X-ray image, which only gives a C scan. In a recent development a third 
plane of projection, perpendicular to the weld direction can also be added, as indi
cated in Fig. 13.8 by the dotted arrow [361]. The system using angle probes for weld 
testing, ~an be operated manually or fully automatically and the result can be 
watched on the screen of the computer even during scanning. 

The P-scan method, because of the mechanical scanning, is rather slow, but in 
the case of much weld testing this is not of great importance. See also Section 30.5 
and [945, 1122, 72, S 185]. 

Working on a similar basis the SUT AR system processes the data of the echo 
amplitudes, transit times, transducer positions and beam angles to produce a 
double C-scan image of the weld. Results may also be presented in the tabular form 
and with a map of the transducer positions during the test. In the case of the P-scan 
the probe position data is measured by mechanically coupled sensors but with SU
TAR the probe positions are established by using airborne ultrasound signals trans
mitted from electric spark gaps to microphones mounted on the probes, the micro
phones working as an array. The transit-time differences allow the transducer to be 
located and its angular orientation to be determined. See Section 30.5 and [69, 
S 161]. 

13.12.3 Methods Using Phased Arrays; Digital B-scan Unit 
According to Kino; Tomography 

Mechanical scanning using a single probe can be replaced by a phased array (Sec
tions 10.4.1 and 10.4.2), enabling much quicker working and avoiding the many 
problems of coupling a transducer to the specimen at high scanning speeds. 
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The linear array as in Fig. 10.36 simulates only the mechanical displacement of 
a single probe, whereas an array using electronically shifted phases when single ele
ments are energized can also simulate swinging the beam direction. Simultane
ously focussing of the beam can be simulated, varying with time so that the speci
men is scanned in depth. 

Real-time imaging of moving features has been achieved in this way in medi
cine [766]. However, in materials testing the usual poor quality of the surface still 
influences the sound field of the array. Thus these methods can only be success
fully applied if improvement to the surfaces can be made. 

The historical development of array methods can best be followed in the confer
ence reports "Acoustical Holography since 1967" (V01.1 to 7) and later "Acoustical 
Imaging", see for example [1017]. 

The literature has greatly increased in recent years and we will only mention 
[1017,59,968,660,512,517,96,971,144,81,87, 106, 1611,660, 893, 1043, 1502, 
107, 680, 346, 1670, 131, 1258, 878, 96, 1194, 1520, 1619, 1661, 306, 614, 915, 
1010, 1206, 304, 1546, 1662, 315, 1111, 1521,517,99, 1113, 397, 516, S 151]. 

Some devices can be reported briefly. Firstly there are systems which still use 
some mechanical movements. In [567] a traditional transmitter illuminates the ob
ject and the reflected wave field is received by a linear array after being focussed by 
a lens system. This system also contains an oscillating prism to shift the ultrasound 
image in a direction perpendicular to the linear array, which allows two-dimen
sional scanning. 

With another system (EPRI report [121], see also Section 30), the linear array it
self oscillates in a direction perpendicular to its length. Simultaneously the direc
tion of receiving is swept through an angle. 

In a more advanced system the sweeping of the beam is produced by a phased 
array and a digital computer, both for transmitting and receiving. At the reception 
stage the focussing range is simultaneously displaced with constant speed, but syn
chronized to the transit time of an echo in such a way that the focus is always suit
ably placed to receive any echo produced. 

Many other instruments have been built using all possible combinations.of tra
ditional transducers and arrays aided by a computer to swing and focus the beam. 
For the arrays the phase control is carried out by either analog or digital meth
ods. 

The latest state of the art is represented by units which synthesize the aperture 
and the dynamic focus after the scanning is completed. The principle has already 
been explained for the SAFT-UT method (Section 13.12.2). Figure 13.9 illustrates 
schematically the system used by Kino and his collaborators [1188, 263, 1189]. The 
collection of all data takes only 10 ms and in this time each element of the array is 
used first as a transmitter and immediately afterwards as a receiver. All echoes re
ceived are digitized and stored after which the computer generates the synthetic dy
namic focussing and builds up the B-scan image point by point. The whole process 
is equivalent to a single receiver of the size of the whole array, with a lens focussing 
the beam at each distance. The effective transducer and the fictional lens are syn
thesized, which leads to the terms "synthetic aperture" and "synthetic dynamic fo
cussing", (because it varies with time). The echoes from each volume element are 



254 13 Imaging and Methods of Reconstruction 

Memory I-N 

Fig. 13.9. Block diagram of a digital B-scan device (263). 
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added-up by the computer, after artificially adjusting their individual transit times 
to correspond to the appropriate volume element, give considerable amplitudes by 
constructive interference only if there have been real echoes from this element. All 
other random signals cancel each other to produce negligible total values. The scan
ning plus the construction of an image takes a total of 30 ms, and results in 33 im
ages per second, which can be considered as real-time imaging. Figure 13.10 shows 
an image of a test piece with artificial defects. Localizing and measuring the depth 
of natural surface cracks is demonstrated in [1189]. For further digital imaging un
its see [1748]. 

A special method of imaging is tomography, or sectional scanning, which has 
been developed for medical X-ray applications. In this system the absorption of X
rays is measured along many intersecting directions within a volume of a body. 
From the many measurements the distribution of absorption coefficients is recon-
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structed, the screen image giving an X-ray B scan in terms of a multiple grey scale. 
If X-rays are replaced by ultrasound we achieve ultrasound computer tomography. 
As well as the attenuation of ultrasound, the transit times can also serve as mea
surement values and the display then also shows the distribution of the ultrasonic 
velocity. A further variant is reflection tomography or echo tomography, in which, 
instead of attenuation or transit time, the echoes received in many cross-sectional 
directions are stored before processing and display. Scanning can be carried out 
with all available methods, either mechanically or with arrays. Ultrasound tomogra
phy has found an application in measuring residual stresses in thick construction 
elements [662] as well as in medicine. For further information on tomography see 
[1582, 253, 663, 328, 354, S 182]. 

13.13 Ultrasonic Microscopy, SLAM and SAM Methods 

In principle each of the methods described above can be used for microscopy by us
ing high frequencies and two have been developed for practical application viz. the 
scanning laser acoustic microscope (SLAM) and the scanning acoustic microscope 
(SAM). The first one has already been described based on using the relief method 
(Section 13.1). The latter uses piezo-electric scanning (Fig. 13.11), with a piezo
electric transmitter cemented to the flat end of a glass cylinder, the other end of 
which is spherically concave and immersed in water. This arrangment generates a 
sharp focus in which a thin object can be placed for scanning and the receiver has 
an identical design. The scanning movement is synchronized with the CR-tube 
sweep. The transmissivity (or if required the reflectivity) of the specimen then con
trols the image brightness. The frequencies used are in the range from 100 MHz to 
3 GHz, corresponding in water to a minimum wavelength of 0,5 J.Im and giving a 

Support Specimen 

o 
Water 

Fig. 13.11. Block diagram of the scanning acoustic microscope 
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Fig. 13.12. a Optical and b ultrasonic image of an integrated circuit, produced by the SAM-in
strument (Fig. 13.11) using 3-GHz frequency 

corresponding resolution. Possible applications are thus for testing microelectronic 
products for laminations and porosity (Fig. 13.12). 

Scanning microscopes of this type have been developed by Leitz (ELSAM 
Acousto-microscope) and by Sonoscan (HMS-300). The SAM principle was first 
described by Lemons and Quate in [916). For further details see [1218, 776, 86, 
S 145) and for a general view of ultrasound microscopy see [917). 

13.14 Acoustic Holography 

13.14.1 Fundamentals 

Holography is a two-step method of storing and reconstructing three-dimensional 
wave fields whether the type of wave is electromagnetic or mechanical. 

It makes use of the fact that the total wave field produced by any object is fully 
defined by the wave field in one selected plane if that is known in both amplitude 
and phase, on the assumption that no new waves are generated within the space 
considered. The first step is therefore to record the wave field completely in both 
amplitude and phase on one plane, the result being called a hologram. In the sec
ond step, the wave field in the space considered is reconstructed using the same 
hologram. 

Figure 13.13 explains the principle using an optical example after [914). A laser 
beam is split into two parts one of which is deflected to form a reference wave in 
the plane of the hologram and the other part illuminates the object. The wave field 
reflected from the object is then superimposed on the reference wave in the holo
gram plane, resulting in a characteristic interference pattern. It is essential that 
both partial beams are coherent, i.e. that they have the same frequency and a fixed 
phase relationship, this condition being fulfilled by laser light. 

One can understand the process by thinking of the object as a multiplicity of 
reflecting points or as secondary radiators. Each one emits a spherical wave, which 
together with the reference wave generates an interference pattern in the form of a 
circular concentric ring system as in a Fresnel zone plate. The complete hologram 
is the result of superimposing all these individual ring systems. 
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Fig. 13.13. Optical holography. a generating the hologram by super-imposing the reference 
wave and the object wave; b reconstruction of the image by illuminating the hologram with 
the reference wave 

The optical hologram can be recorded photographically and the distribution of 
the photographic density corresponds to the distribution of the light intensity, or to 
the square of the light amplitude. If only such an amplitude record is used to recon
struct the image, the phase being neglected, the result will be a traditional two-di
mensional photograph. However by superimposing the reference wave the intensity 
of the combined result includes both the amplitude and phase of the object wave 
and can therefore be used to reconstruct the three-dimensional image of the ob
ject. 

The hologram must therefore be illuminated by the same laser light (Fig. 13.13) 
as used for the recording stage and the total object-wave field is reconstructed from 
the hologram by wave interference. A three-dimensional virtual image of the object 
is the result, along with a real image beyond the hologram (not shown in Fig. 13.13), 
but it is usual to suppress one of the two images. In Fig. 13.13 only the virtual image 
is seen by the eye of an observer. 

The observer of the holographic reconstruction obtains a true perspective, three
dimensional, impression of the object when changing his position, especially if the 
apertures of the laser beam and the hologram are made as large as possible. 

The main object of optical holography is the generation of three-dimensional 
images but the first step of making the hologram also plays a role in holographic in
terferometry which can also be used for materials testing. Using an object-wave 
field produced by reflection at the surface of a specimen, even very small surface 
displacements can be recognized from a change in the interference pattern. These 
variations can be the result of applied temperature or stress changes and the effect 
of inhomogeneities below the surface, which are thus made visible [272]. 

In the case of ultrasonic holography sound waves replace the laser light and gen
eration of a hologram is easy because ultrasonic waves generated by a piezo-electric 



258 13 Imaging and Methods of Reconstruction 

transmitter are coherent. In fact two different transmitters energised by the same 
generator also give coherent ultrasonic waves. 

There are several methods of generating the ultrasonic hologram and of recon
structing the image. Some of them use an equivalent of the optical methods, by su
perposing the reflected wave onto the reference wave in the plane of a detector. In 
principle all of the methods mentioned in Sections 13.1 to 13.11 are suitable, and 
all can be extended to become holographic methods, by adding a reference wave. 

13.14.2* The Holographic Relief Method 

As already explained in Section 13.1 the relief method can also be used for hologra
phy as shown in Fig. 13.14. Two transmitters are powered by the same generator and 
one beam penetrates the object, so generating the object wave, while the other 
forms the reference wave. The hologram is produced by ripples on the surface as 
produced by the local sound radiation pressure and optical illumination is made us
ing a laser. In this case the hologram is a phase hologram, which by reflecting the 
laser light can reconstruct an optical object wave by diffraction, the non-diffracted 
light being suppressed. Though the quality of the resulting image is not bad the 
method has not found many applications because of the difficulty of keeping the 
surface undistorted, and also because of the rapid development of other methods 
which use piezo-electric scanning. For details see [182, 601]. 

13.14.3 Piezo-electric Scanning for Amplitude and Phase 

In the acoustics field phase-sensitive receivers are readily available, in the form of 
standard piezo-electric transducers which collect all necessary information con-
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Fig. 13.14. Acoustic holography in real time to allow focussing at a selected depth using the 
relief method, combined with a TV camera 
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Fig. 13.1S. Scanning with movable receiver and fixed transmitter. 1 receiver, 2 object, 3 flXed 
transmitter 

cerning amplitude and phase. As Fig. 13.15 illustrates, a receiver scans the wave 
field which is generated by a fixed transmitter and subsequently affected by an ob
ject. The way in which the object modifies the field, whether it is by reflection or 
transmission, no longer matters and the wave field at the scanning surface is af
fected by both, as well as by reflections from the side walls, and it contains all the 
necessary information concerning the whole tested volume. 

For the image-reconstruction a real reference wave is not needed, because it can 
be simulated electronically. It can even be completely omitted because the piezo
electric receiver measures both amplitude and phase; see [1025]. 

The reconstruction is better if the surface is fully scanned using a receiver with 
a very large directivity angle so making the sensitivity as independent of direction 
as possible. In practice therefore small crystals of about a wavelength diameter are 
used. 

A variation of the arrangement in Fig. 13.15 could also be achieved with a mov
ing transmitter and this can be realized in practice by using only a single crystal 
transmitter/receiver [1360], or better with a phased array so avoiding the mechani
cal movement and thus increasing the testing speed. 

If the reconstruction must be made optically, the ultrasonic hologram has first 
to be converted into an optical one, as Fig. 13.16 shows in two alternative ways. The 
signal from the receiver controls the spot brightness of a CR tube and the sweep in 
two coordinates is synchronized with the scanning movement. Because of the slow 
speed of mechanical scanning the CR tube should be of the storage type and in this 
case the optical hologram can be made photographically. To reconstruct the image 
laser-light illumination is provided in the usual way. 

The large differences between the optical and acoustic wavelengths is the reason 
for pronounced distortion of the optically reconstructed image. The depth dimen
sions are magnified in that ratio, i.e. by about 1000x. This distortion can be 
avoided by reducing the optical hologram in the same ratio but the reconstruction 
is then so small that it has to be remagnified and the distortion of the depth dimen
sion returns. This is a fundamental handicap of ultrasonic holography by which in 
practice the three-dimensional properties of the image are lost. Effectively it only 
contains information about one plane and to obtain more, the scan has to be re
peated several times for each important plane in the complete volume. 

To generate the reconstruction of an acoustic hologram by a one-step method as 
in the optical case it is necessary to increase the total aperture in the ratio of the 
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Fig. 13.16. Scanning of an ultrasonic hologram for conversion into the optical form. a with 
acoustic reference wave; b with electronically added reference wave 

optical and acoustic wavelengths. In practice this means using a scanning surface 
of several meters in diameter which is impracticable. 

The poor resolution in depth of this method is of course the same as that of the 
relief method, and in practice therefore the reconstruction is only two-dimensional. 
However, using multiple frequencies the axial resolution can be considerably im
proved, so that a two-dimensional scan can provide three-dimensional images, 
[S 18]. 

13.14.4 Numerical Reconstruction 

This method is far more important than by using the optical approach. The signals 
from the scanning receiver are digitized and stored as in Fig. 13 .17, the reconstruc
tion being carried out by computer. The object image can then be drawn by a plot
ter based on the intensity distribution at the object position. Figure 13.18 shows the 
reconstruction of an artificial defect of about 2 mm in diameter at a depth of 
100 mm in steel. It is only reconstructed in two dimensions because with this 
method also the depth resolution is poor. 

13.14.5 Linear Holography; HOLOSAFI' Method 

With the system of Fig. 13 .17 the evaluation time for two-dimensional reconstruc
tions is still several minutes, in spite of using high speed computers. The amount of 
instrumentation is also considerable, and for use in materials testing a simplified 
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Fig. 13.17. Acoustical holography using mechanical scanning and numerical reconstruction 

Fig. 13.1S. Two-dimensional reconstruction according to [1360] 

version has therefore been introduced by Kutzner and WUstenberg [883, 884]. This 
is the so-called method of linear holography. The sound field reflected by the object 
is measured for amplitude and phase only along a line rather than over an area. 

By using numerical reconstruction it is possible to obtain the dimensions of the 
reflector within the scanning plane and in particular its in-depth dimension 
(Fig. 13.19). At 512 individual points along a scanning line, separated by distances 
of 0.33 mm, both amplitude and phase values have been recorded at an ultrasound 
frequency of 2.2 MHz. The transmitter/receiver for obliquely incident waves has a 
400 wide angle beam directivity, the artificial reflector being two 6-mm strips in wa
ter separated by a distance of 2 mm and at a distance below the scanning surface of 
70 mm. The sound intensity distribution has been reconstructed along a semi-circle 
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Fig. 13.19. Intensity distribution reconstructed over a circle as evaluated by linear holography. 
N equals the number of measuring points and I'lx is the separation distance : I is the scanning 
aperature cf. [880] 

drawn around the centre of the aperture. It has a remarkably good transverse resolu
tion, but a rather poor resolution in depth. 

For all the above-mentioned ultrasound holographic methods long pulses have 
normally been used and from this fact results good transverse resolution and a poor 
one in depth. To improve the latter short pulses can be used, as in the so-called 
multiple frequency holography (MFH) [402, 14]. This method has already been re
ported under the name SAFT-UT in Section 13.12.2. 

The SAFT and MFH methods differ insofar as SAFT uses short pulses, whereas 
MFH actually transmits long pulses of different frequencies at each point and from 
these, short pulses are subsequently synthesized. 

The volume of data and the time of computing is, however, much longer than 
with monofrequency (long pulse) holography. Under the name HOLOSAFT a com
bined system of SAFT and monofrequency holography has been developed [1076]. 

Fig. 13.20. Manipulator for holographic scanning of a 
weld (courtesy Bundesanstalt fUr Materialpriifung, Ber
lin) 
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It has proved to be a valuable method for testing materials and in particular to ob
tain information about the size and shape of a defect which has been already de
tected by simpler pulse-echo methods. It has been successfully used for testing 
welds in nuclear pressure vessels [1235, 1360, S 42, S 48] , see Figs. 13.20 and 13.21. 

Extensive description of the acoustic holography has been given by Greguss 
[572], Hildebrand [60] and Aldridge and Clemant [64]. Many papers are to be found 
in the proceedings of the international symposiums since 1967 called "Acoustical 
Holography" (Vols. 1-7) and later "Acoustical Imaging". cf. also the Ultrasonic 
Testing Documentation of the BAM [4] and the following publications [880, 937, 
1649, 1075, 1360, 1363, 58 (containing many earlier references), 60, 1364, 881, 
S 173]. 

Outer surface 

1--------137 

Cladding Inlerior surface 
of vessel 

Fig. 13.21. Result of using the device in Fig. 13.20. Reconstruction of a defect with its dimen
sions in both size and position in the depth dimension (Bundesanstalt flir Materialpriifung, 
Berlin) 



14 Sound Emission Analysis (SEA) 

This method of non-destructive testing will be treated only briefly because it has 
little similarity to traditional ultrasonic testing, and also because it has not 
achieved widespread applications in practice. Testing specifications for pressure ves
sels have, however, already been produced. 

The method depends on energy within a specimen being released in the case of 
a growing crack or from deformation stresses. It is radiated from its source in the 
form of sound waves of all frequencies from the audible range up to high ultrason
ics. However, for practical reasons observation is confined to frequencies around 
1 MHz, because below this frequency there is too much disturbance from ambient 
noise, and for higher frequencies there is increasing attenuation in most engineer
ing materials which restricts the range of observation. The sensors used are piezo
electric receivers similar to those used in seismology. 

The simplest arrangement consists of a receiver, an amplifier and a pulse coun
ter, to use the number of single pulses per second as an indication. Growing cracks 
for example are indicated by a rising pulse rate, as Fig. 14.1 shows. 

This method can be further improved by simultaneously evaluating the ampli
tude of individual pulses or bursts, and sorting them into groups of different energy 
levels. The pulse rate depends on the energy thresholds in a characteristic manner, 
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Fig. 14.1. Sound emission from fatigue cracks [1705] 
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from which certain conclusions about the behavior of the material, and its failure, 
can be drawn [350]. 

Another type of measurement uses the product of pulse rate and square of the 
amplitude to obtain information about the size of the source, and another method 
consists of analyzing the frequency content of the bursts. Figure 14.2 showing some 
typical burst shapes. 

If more than one receiver probe is used, it is possible to determine the position 
of the source by triangulation, but the precision in favorable cases only reaches a 
few centimetres. In non-planar specimens the propagation of sound does not follow 
simple laws and velocity dispersion makes localizing more difficult [1308, 1592]. 

Nevertheless there are certain established applications and the best known is 
the testing of pressure vessels, tubes or other constructional elements by pressure 
tests or mechanical stressing [133]. The pressure needed is usually only a little 
higher than for normal use and does not destroy the test specimen. Growing cracks 
can be indicated by sound emission at their initiation. As well as metallurgical de
fects leaks can also be found by overpressure tests these showing a very characteris
tic noise pattern on the screen and is a useful application of SEA. 

Fiber-reinforced materials such as GRC and CRC emit ultrasound if fibers are 
broken and when there are delaminations. Analyzing the pulses allows discrimina
tion between different possible causes [183, 105]. 

SEA is additionally used to control welding processes in which the distribution 
of temperature causes large local stresses which can cause sound-emitting cracks. 
As well as these, phase conversions of the welded material also give acoustic indica
tions if they are accompanied by volume changes. This potentially important appli
cation is however often badly affected by many extraneous noise sources [1210]. 

Further applications for controlling heat treatment processes, monitoring stress
relieving after welding, and the firing of ceramics, have been successful [724]. For 
further applications, still more remote from ultrasonic testing, see [1705]. 

a b 

d 
t j t 

Fig. 14.2. Typical forms of sound emission. a Continuous noise from plastic strains or from 
leakage; b bursts of sound from growing cracks or from local areas of friction; c signals from 
wider areas of friction; d electrical interference 



Parte General Testing Technique 

15 Coupling 

15.1 Condition and Preparation of Surfaces 

In any ultrasonic test the shape and roughness of the test surface is of decisive im
portance. On the one hand these factors often limit the sensitivity of the method 
applied, making it necessary to first prepare the surface; on the other they have an 
important influence on the wear of the probes used for continuous and routine tests 
if in direct contact with the specimen. The surface conditions, therefore, greatly in
fluence the economics of testing. 

All methods require uniform surface conditions for reliable and consistent flaw 
evaluation. In the case of direct contact where the probe is pressed onto a specimen 
covered by a thin film of coupling liquid, foreign particles or layers are very disturb
ing because they can considerably vary the thickness of the liquid film, and thus its 
transmission characteristics between one test point and another. It is therefore ne
cessary to remove any dirt, loose scale and sand, for which rags, cotton waste and 
steel brushes are required. Often it is more effective to use a scraper, particularly in 
the case of loosely adhering layers of rust or paint which form air gaps and which 
may completely prevent the penetration of sound. In some cases a chisel or grinder 
may be used, preferably a rotating emery disc with flexible backing which adapts it
self to the surface to be treated. Care must be exercised when using grinding wheels 
to prevent the creation of local concave spots which will result in bad or variable 
coupling. If large surfaces have to be treated, as in the case of automated testing, 
blasting with sand or steel shot gives the best results. 

Uniform and strongly adhering films such as thin oxide layers or even paint, 
may not necessarily interfere with testing and are often preferable to an unevenly 
cleaned surface. 

Where the surface can be dressed mechanically, it is more important to obtain a 
uniformly curved shape than high surface quality with an irregular contour. High 
surface quality is less important for the commonly used testing frequencies because 
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a surface roughness ofless than 1110 wavelength (i.e. of the order of 0.1 mm or less) 
contributes only relatively little to an increase in sensitivity. On the contrary, pol
ished flat surfaces are often awkward to test because the probes stick due to suction 
and, therefore, cannot be slid along easily. Furthermore, the echo only slowly at
tains its maximum value on such surfaces after the liquid has escaped from the nar
row coupling gap. In the case of contact tests on test blocks a planed surface is 
therefore preferable in view of the better reproducibility of the echoes. The quality 
of machined test surfaces in many recent standards is specified to be between 
10 11m and 400/Jm. 

It must be kept in mind that the design of the probe has much influence on the 
quality of coupling. Hard faced probes (Section 10.4.1) which are often preferred 
for testing of metallic specimens, change the echo amplitude considerably when 
variations of the coupling gap thickness occur. For this fact the very variable trans
missivity of an acoustically soft layer between two hard media (cf. Section 2.3), is 
responsible. Probes using soft coupling surfaces react much less than hard faced 
probes to such gap variations and they are therefore preferable when used on rough 
cast surfaces. Their basic sensitivity is, however, somewhat lower and the echoes are 
broader due to echo reverberations. 

Such a soft layer of a thin plastic, for example silicone rubber can be perma
nently cemented to the specimen, thus enabling easy scanning with only little 
coupling material or even with dry coupling. 

A roughness of more than 1110 wavelength (peak to trough) impairs the coup
ling markedly. The acoustic pressure in the axial direction is reduced and greater 
lateral scatter occurs. This also impairs the beaming accuracy and increases the risk 
of lateral reflections simulating flaws along the axis. Roughness with a uniform pat
tern, such as turning grooves, can strongly amplify the lateral radiation at certain 
angles, like an optical grating, resulting in possible locating errors. Finally, very 
rough surfaces act on the sound beam like frosted glass on light: the beam becomes 
diffused and is scattered in all directions, making position fixing impossible. 

In the case of irregular, uneven surfaces, e. g. with ripples as large as the probe, 
the coupling layer affects the ultrasonic beam very detrimentally since it is de
flected irregularly from the normal and is focussed or defocussed. It is then a mat
ter of chance to accidentally find a spot where the beam is still sufficiently undis
torted to reach a given flaw, but even so an evaluation of the flaw by its echo 
amplitude is not possible. Acceptable conditions are ripples of less than 0.5 mm on 
an area of 50 x 50 mm. 

A similar effect, however, may be produced by the material itself due to locally 
varying acoustic velocities, e. g. in grey cast iron or in the heat affected zone (HAZ) 
of austenitic welds (Section 28.1.6). In such cases a method might be applied in 
which a given spot in the test piece is irradiated successively along many different 
beam paths and from different contact points. This would require that the probe 
changes its beam direction for different contact points so as not to lose the target. 
The statistically distributed, favorable couplings then should make an individual 
flaw conspicuous against the interfering background. Some experienced operators 
already carry out similar practices without the aid of mechanical devices. A probe, 
particularly one with a soft plastic protective layer and using a liberal supply of cou-
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plant, can be simultaneously shifted and slightly tilted and if during this procedure 
an echo persistently appears, probably indicating a real flaw, the surface may be lo
cally improved for a more satisfactory test. 

15.2 Curved Surfaces 

Many test surfaces are cylindrical of which convex surfaces are better for making 
contact than are concave ones. On a convex, cylindrical surface the commonly used 
flat probe has a reduced contact face in the shape of a narrow rectangle, which en
larges the angle of divergence of the sound beam in the plane normal to the axis of 
the cylinder (transverse/radial) as shown in Fig. 15.1. In the longitudinal/axial 
plane the angle of divergence remains unchanged. 

The reduced contact area also reduces the sensitivity proportionately as is 
shown in Fig. 15.2 using the echo from a test object, the sound beam being incident 
from a cylindrical contact face. 
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Fig. 15.1. Enlargement of the diver
gence angle of a probe in contact with 
a cylindrically curved surface; mean 
values from measurements on steel 
and aluminium with a 2-MHz probe, 
coupled through thin plastic film and 
light oil. The enlargement of the 
angle is compared with the free-field 
angle of divergence for a flat surface. 
For the echo field the enlargement 
factor has to be doubled. The mea
surements were made in the far-field 
in water 

Fig. 15.2. Drop in sensitivity (in dB) in tests from a cylindrically curved surface, indicated by 
the decrease of the echo from a plane back wall as a function of the radius of curvature; mea
sured in steel with probes coupled through 0.3 mm thick Vulkollan film and light oil 
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This sensitivity reduction can usually be compensated quite easily by using a 
higher gain, so that the detection of a defect is no problem. The evaluation of its 
size is, however, more difficult, because of the change in the sound field which in
fluences the conditions for applying the DGS method. The effect is smaller with a 
probe of smaller diameter but for more exact measurements a test block with a si
milar curved surface, and containing artificial defects, can be used. 

If angle probes using a plastic wedge are used the contact face can easily be 
adapted to a single curved surface, either by grinding the plastic wedge accor
dingly, or by attaching a preformed adaptor, using oil or cement. An exchangeable 
adaptor makes the angle probe more versatile but it slightly reduces the sensitivity 
and increases the number of interfering echoes as compared with one cemented-on 
or using a suitably ground contact face. After rough shaping with a file or grinding 
wheel the surface of the probe can be trued on the test piece itself by inserting 
coarse emery cloth and rubbing it in. It is not necessary to polish the surface of the 
plastic adaptor. 

Even if, as indicated in Fig.1S.3 the apex of the curvature is placed at the sound 
exit point, the angles of the peripheral rays may easily exceed the usual angular sec
tor, the steep angles producing interfering longitudinal waves, and the flatter angles 
may produce surface waves. If, as in Fig.1S.4, the axis of the curvature of the cylin
der is located in the plane of incidence (e. g. tube tested in a longitudinal direc
tion), the lateral divergence of the beam is increased. In the case of shallow beam 
angles (e. g. 70° and greater) this may likewise result in the appearance of interfer
ing surface waves which leave the probe on both sides at an angle to the forward di
rection. 

In order to avoid such disturbing waves it is advisable in the case of surfaces 
with strong curvature not to adapt the probe too perfectly but be satisfied with a 
smaller contact face. Such a face also increases the angle of divergence of the 
sound beam, acting like a diaphragm, but it avoids the disturbances caused by peri
pheral rays. 

If the contact face is small it is difficult to guide the probe but this situation can 
be improved by attaching guides or supports which slide or roll on the surface. It is 
also possible to use a perfectly matched contact face as a guide and to limit the 
sound beam by sawing lateral slots into the plastic body parallel to the probe sur
face until the interfering waves have disappeared. 

Fig. 15.3. Angle probe on curved surface 
Fig. 15.4. Angle probe on cylindrical surface, axis of curvature in plane of incidence 
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Fig. 15.5. Probes using a strip mosaic for adaptation to curved surfaces as shown in Figs. 15.3 
and 15.4 
Fig. 15.6. Probe for concave surfaces, using a strip mosaic and adaptor 

Specimens with strong curvature of the test surface should preferably be tested 
by immersion technique, using flat or focussed probes. To avoid interferences by 
surface waves the end of the near-field (or quasi-focus) should be adjusted to lie on 
the surface. Figure 15.5 shows another possibility for avoiding problems with 
curved surfaces in which the sound beam is focussed by using transducers mounted 
as a strip mosaic. 

Although the situation should be avoided wherever possible sometimes flat, 
normal probes have to be used on concave surfaces. The test sensitivity is then very 
low because the centre of the probe does not make contact, nor can this difficulty 
be overcome by using more couplant. It is better to use specially designed rectangu
lar adaptors which, in combination with a focussing arrangement using several crys
tals, compensate the curvature by a lens effect, as indicated in Fig. 15.6. Mosaic as
semblies consisting of several small, spring-mounted transducers have also been 
used on curved surfaces. 

15.3 Coupling Media and Coupling at Elevated Temperatures 

Attempts to compensate for the effect of a curved or rough surface by means of a 
coupling medium have met with little success because all liquid coupling media 
have a much lower acoustic impedance than the materials of most test pieces. This 
applies also to liquids containing metal powders in suspension, and to mercury 
which must be excluded, if for no other reasons than its cost and toxicity. Of all 
chemically suitable liquids glycerine has the highest acoustic impedance. By far the 
most generally used couplant is oil, and for contact tests usually an oil of medium 
viscosity, grade SAE 30. On smooth surfaces, and for making measurements, oil of 
lower viscosity, or even diesel oil, is preferable and on rough surfaces oil of higher 
viscosity is useful. 

For testing on vertical walls and overhead, a non-dripping couplant is more con
venient. Grease and petroleum jelly can be used for this purpose but they are ex
pensive and unpleasant to handle so that a watersoluble paste such as stiff size is 
preferable. 
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A suitable paste can readily be prepared on site with cold water and methyl cellu
lose (wall paper paste). SiIJce the dried-up residue is difficult to remove, glycerine 
or a substitute can be added to prevent premature drying. Corrosive action of the 
water on metal surfaces is reduced by adding an inhibitor such as trisodium phos
phate. 

Cleaning of test pieces, probes and hands, which can be badly affected by oil, 
when using paste, is best achieved by simple application of water. Therefore, a con
centrated sugar solution, which is even cheaper than some oils, is also sometimes 
used. Compared with oil, ordinary water has the disadvantage that it does not al
ways wet surfaces satisfactorily, which is an important requirement for good coup
ling. However, by adding a wetting agent water is a very useful couplant either as a 
stationary layer on horizontal surfaces or in the form of a constant flow of water be
tween probe and surface. In the case of angle probes the liquid can be brought di
rectly to the contact point through a small hole in the plastic wedge. 

From a theoretical point of view it is interesting to note that thin metal foils, such as cop
per 20).lm thick, used in an oil layer, considerably increase the transmission between the 
transducer and a flat metal surface (Firestone [456]). This effect is explained by the improved 
matching due to the increased effective acoustic impedance of the whole coupling layer. 

Highly viscous materials, such as mixtures of wax, oil, and pitchpine resin can be used for 
coupling normal (0°) probes generating transverse waves to flat surfaces, because these materi
als can transfer shear forces when used in thin layers. A bare crystal surface can also be dry 
coupled by pressing it onto a smooth surface with a clamping device or a heavy weight. In the 
laboratory the crystal is sometimes stuck onto the surface by a heated sticky wax, by low melt
ing point salts, for example "Salol" (salysilic acid phenyl ester) or even for more extended use 
with an epoxy resin. 

Surprisingly, enough acoustic transmission is still possible on hot surfaces when using wa
ter coupling, in spite of the generation of steam. For instance, hot metal plates up to about 
250°C can be tested by the transmission method, using free water jets (see Section 24.1). 

Up to 400 °C the coupling can be improved considerably, according to Holler [677, 679, 
877], if water is passed at high velocity through a gap between the probe and the plate. In this 
case it is even possible to use standard TR probes and the echo method, which is indispensi
ble for detecting small flaws in plate. With these methods, the temperature of the surface is 
presumably reduced locally to about 100°C [877]. It is always advisable first to wet the test 
piece with a compressed air-water mixture for example, and even at very high temperatures on 
red-hot plates, some acoustic transmission can still be observed. 

Another solution when testing hot surfaces is achieved by dry coupling a steel roller with 
a high contact force [741, 77, S 148], the probe being mounted inside the hollow shaft 
(Fig. 15.7). Using special material for the delay line in the shaft and curved transducers, fo
cussing at the contact point is possible. 

Fig. 15.7. Continuous testing of hot plate 
by means of a "roller probe" (according to 
Uozumi and Narushima [1549]) 
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With dry coupling on hot surfaces transverse waves rather than longitudinal waves can 
also be used. The advantage of the former, in addition to the lower acoustic velocity, is the 
greater acoustic impedance difference for certain flaws and interfaces giving an improved re
flectivity (Lynnworth (962)). In practice a liquid coupling layer inside the roller is not useful 
so the transducers, (typically six in number) are cemented directly onto the internal surface 
and are selected electrically in tum. The measuring points on the test piece then are spaced by 
116 of the circumference of the roller, which for many purposes such as wall thickness mea
surements in continuous casting (see Chapter 33), is acceptable. 

For liquid coupling on hot surfaces up to 300°C, live-steam cylinder oil with a high boil
ing point, or special oils such as Shell Nassa oil, can be used. Up to almost 600°C paste-like 
materials such as bitumen, Shell Microgel grease, Midland Silicone Ms 550 or a high-temper
ature coupling paste ZGM of Krautkriimer-Branson have given satisfactory results. The latter 
consists of a liquid with high boiling point mixed with a powdered insoluble salt. At the lower 
temperatures the liquid serves as couplant and at the higher temperatures the fused salt [236]. 
This makes possible brief coupling periods (2 to 3 s) when using probes which are fitted with a 
heat-resistant delay line. This method can be applied in all instances where the test result is 
required quickly and where probe cooling during the measurement intervals is possible. This 
applies, for instance, to wall-thickness measurements on pipelines in accordance with pro
grammed spot checks. 

For still higher temperatures metal delay lines are also used, these being water cooled to 
prevent the heating of the probe by the test piece. For probe contact one of the above-men
tioned couplants or also dry coupling with high pressure can be used [1039, S 29, S 113, 
S 102]. 

If a photographic record is made of the screen image, the coupling time on hot test pieces 
can be reduced to fractions of a second, this method being used by Carnevale and Lynnworth 
[958] for measuring sound velocities and coefficients of elasticity up to 1000°C. In these tests 
transverse-wave transducers were dry coupled, or longitudinal - wave transducers coupled 
with silicone grease. 

Using a cooled metal adaptor or nozzle it has also been possible to transmit ultrasound 
into liquid metal. The liquid metal must, however, wet the adaptor, which is not always easy 
to achieve. For cast iron Lehtinen [911] has used an adaptor made of stainless steel coated 
with borax (see also [901, 977)). 

According to another suggestion by Farrow [430] hot specimens could be tested by insert
ing a fusible spacer between transducer and test surface, resulting automatically in liquid 
coupling but no practical applications of this principle have as. yet been reported. Regarding 
probes for elevated temperatures see Section 10.4.4. 

Air should also be mentioned as a couplant, in spite of its very limited application possi
bilities. Air transmits sound at ultrasonic as well as sonic frequencies, particularly for direct 
transmission from probe to probe at frequencies below 2 MHz. In this way it is possible to use 
the sound transmission method to test acoustically soft materials, such as brake linings, gyp
sum boards, soft rubber or plywood. In this way the internal bonding of such materials, and 
even of soft rubber layers bonded to steel, have been tested. In this case the acoustic imped
ance step is not excessive on at least one of the two surfaces of the test piece. As in the case of 
an air gap in a solid body, which according to Fig.2.3 starts to transmit if it is thin enough, a 
thin sheet of steel approximately 0.1 mm thick will transmit the sound coupled to it from air 
sufficiently well to make testing for laminations appear feasible. Testing of composites by air
borne ultrasound is reported in [S 139]. 

Luukkala and Merilainen have even succeeded in acoustically testing plates of alumi
nium, brass, copper and steel up to a thickness of 10 mm by using plate waves and air coup
ling [956, 957]. They used capacitor-type transmitters and receivers at frequencies around 
100 kHz. In the most favorable case (0.5 mm aluminium) the transmission loss was only 
35 dB, as compared with the direct transmission from the transmitter to the receiver in air. 

Sound transmitted in air can be used with the echo method for the measurement of dis
tance from solid objects or for determining certain profile changes, e.g. when testing rails, see 
Section 23.2. At present, however, conventional pulse-echo testing of solid objects, using air 
as a couplant, cannot yet be realized [305, 853]. 
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The difficulties which arise when using piezo-electric transducers on hot sur
faces do not affect electromagnetic probes (see Section 8.4) or laser methods (Sec
tion 8.6). For applications in practice of the former method see [1632, 765, 1047, 
1319,710,1068, S 91, S 17]. 

15.4 Checking of Coupling 

Uniform coupling at all contact points on a test object is very important for quick 
and reliable evaluation of the readings. Occasionally coupling uniformity can be 
checked by means of a back-wall echo and an experienced operator can also do so 
by means of the varying, small grass indications on the screen display. For this pur
pose the zero line should always be allowed to show a little "life". When angle 
probes are used the quality of the coupling can, with a little experience, also be de
duced from the sliding resistance when shifting the probe caused by the presence of 
grit or small foreign bodies, or "seizing" if there is not enough couplant. 

In automatic testing, the abovementioned methods of checking which are avail
able in manual operation no longer apply so that other solutions have to be applied. 
One of these is to use electronic devices which can signal the state of coupling or 
measure it for use in corrective gain control techniques. It is possible to use a back
wall echo for this purpose although this has the disadvantage that a flaw as well as 
bad coupling will reduce its amplitude. Similar considerations apply to a through
transmission signal between two angle probes which face each other on opposite 
sides of a welded joint (see Section 28.1.1) its purpose being to control the gain for 
the pulse-echo operation of one of the probes. The transmission signal is affected 
therefore by the coupling variation of the test probe but, additionally by a flaw and 
by coupling fluctuations of the second probe. The only ideal solution would be a 
measurement of the acoustic energy immediately under the testing probe which has 
actually passed through the contact surface. This is possible on a metal surface if 
the probe is coupled via a non-metallic delay line which combines an electrody
namic-receiver arrangement at the contact point [756J, cf. Section 8.4. So far, how
ever, this method has not been exploited. 

Another solution has been described by Lutsch [953]. On a crystal transducer with only 
moderate rear face damping, the intensity of the reverberations depends largely on the degree 
of coupling. If therefore their amplitude is measured by a monitoring amplifier gated immedi
ately behind the transmitting pulse, the output signal of this amplifier can serve as a measure 
of the degree of coupling. 

According to a suggestion made by van Va1kenburg [742] the degree of coupling 
of an angle probe on metal plate, as shown in Fig.15.8, can be checked by means of 
a second crystal which beams through the plastic body normally into the sheet me
tal, producing a series of multiple echoes. The height of the echoes or the length of 
the echo sequence can also be converted into a go/no-go indication which actuates 
a signal. 

These multiple echoes are also utilized in some automatic testing installations 
for gain control. 
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, Fig. 15.8. Coupling check with angle probe on plate, 
_____ -'--=-_'_'::...> __ using separate transducer 

15.5 Coupling Through Intermediate Layers, via Watergaps 
and by the Immersion Method 

Wear and insufficient constancy of the degree of coupling are the reasons for the 
disfavour into which direct contact of the transducer has fallen. Direct contact 
makes wear of the transducer unavoidable because the probe, during scanning, can
not always only be placed on and taken off again. Sometimes it must be shifted, be
cause any change in the flaw echo while shifting the probe provides valuable infor
mation on the flaw concerned for the examiner. The modem piezo-ceramic 
materials are far too soft for use in direct contact and so currently probes with pro
tective layers are always used in contact testing. Spacing layers consisting of liquids 
or plastics cut down the wear but if the pulse-echo method is used a corresponding 
increase in the amount of interfering echoes must be accepted. 

Soft protective layers with properties similar to self-adhesive films allow dry 
coupling within certain limits on smooth surfaces (cf. [S 2S]). Very low frequencies 
can be transmitted even by dry coupling through conventional soft coupling faces 
into wood for example [1701], see also [S 28, S 82]. 

The screen traces shown in Fig.lS.9 demonstrate the effect of spacing layers as 
a function of their thickness. A layer of 0.1 mm already greatly reduces the sensitiv
ity compared with direct contact and considerably broadens both the transmitting 
pulse and the echoes because with only moderately damped probes the reduced 
coupling also reduces the damping. Since the length of a 4-MHz wave in oil or wa
ter is about 0.4 mm, the 0.1 mm couplant thickness constitutes a quarter wave
length layer. The out and return path of a zigzag reflection equals half a wave
length, and results in destructive interference (Fig. 1S.9b). In the case of a layer of 
double the thickness (Fig. IS.9c) one therefore obtains by constructive interference 
approximately the same echo height as in case a. The interfering oscillations follow
ing the transmitting pulse and flaw echoes have, however, increased. 

A I-mm layer as in case d already produces a very indistinct picture which 
would make the indication of a flaw in the test plate practically impossible. In addi
tion the echo height is low, so that the gain has to be increased. As shown in 
Fig.lS.ge the interfering reflections from the coupling layer can be greatly reduced, 
according to a suggestion by Martin and Werner [987], by adding to the coupling 
layer a layer of an absorbing material. In this case Vulkollan was used which, if 
serving as coupling layer, has the added advantage of high abrasion resistance. The 
gain, however, has to be increased still further, the same echo height as in the case 
of direct contact being reached only by a tenfold gain increase. 
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Fig. 15.9. Coupling with increasing layer thickness d (oil or water), probe of 4 MHz on 20 nun 
steel plate. Calibration: 1 scale division = 20 nun in steel. 1 = back-wall echo, 2 = surface 
echo. a direct contact, d < 11100 nun; b d = 0.1 nun; c d = 0.2 nun; d d = 1 nun, gain com
pared with a to c, about 3 times higher (Plus 10 dB); e d = 1 nun, but with inserted Vulkollan 
film, gain 10 times higher (+ 20 dB); f coupling by immersion technique, d '" 6 mm, gain as 
in e 

If thicker coupling layers are used the surface echo and its multiple echoes be
come separated from the transmitting pulse. The screen display then becomes 
clearer and the first surface echo now takes over the role played by the transmitter 
pulse in direct contact. If the coupling layer is water it is only necessary to choose a 
water gap of sufficient length for the second surface echo to occur after the first 
back-wall echo from the test piece. In the case of steel and water the gap should be 
greater than 114 of the specimen thickness since the ratio of sound velocities is 4:1. 

For continuous automatic testing good close contact has been achieved in some 
cases by using an endless plastic belt or a closed tire (Fig. IS.IO). In both cases the 
life time is often quite short, especially on rolled surfaces, due to damage by parti
cles of scale [1700]. 

As alternatives there are two other possibilities: 

1. The water-jilled gap: There are no wear problems but the thickness of the gap is 
critical, especially if used without an added absorbing layer. 
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Fig. 15.10. Sperry wheel probe 

2. The water delay line or the immersion method: Because of the presence of multi
ple echoes between probe and entry surface, the separation distance must be 
chosen according to the thickness of the specimen. The echoes are not broad
ened by reverberations, so that the method can be used for thin plate speci
mens. 

For an example of water-gap coupling see Fig. 15.11 which illustrates a device for 
plate testing. The echo pattern (Fig. 15.12) shows a sequence of regular multiple 
echoes but small defects in the plate would not be revealed by their individual 
echoes, but only by the reduced length of the main sequence. To detect individual 
echoes, the standard probe in the device must be replaced by a TR probe, using a 
water gap of only a few tenths of a millimetre, by which the first surface echo is 
only broadened a little. If the water for the delay line exits from the probe housing 
directly onto the plate being tested at sufficient pressure, a water cushion is formed 

Waler 

Fig. 15.11. Plate tester, design Krautkriimer, photograph and schematic cross-section 
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Fig. 15.12. Screen picture of a flawless plate 
10 mm thick, tested by water-gap coupling 
(plate tester of Fig. 15.11) 

on which the probe can slide without being in direct mechanical contact with the 
surface, see Fig. 15.13, Erdman [393]. 

For a continuous testing method it is preferable to couple such a device to the 
test specimen from below rather than from above so that the delay line will always 
be filled with water. Only a small flow or water will then be required to maintain a 
good coupling to the specimen but with a stronger flow this system can also be ap
plied from above or on a vertical wall. It is of course necessary to avoid air bubbles. 

If water is discharged from a pipe at high pressure, a jet is produced by means of 
which contactless coupling of the probe to the specimen can be effected over a gap 
of 100 mm and more. This is important in cases where during rapid, automated 
testing the equipment might be damaged by an uneven surface or by projecting 
parts of the test piece, for example when testing heavy plate. This water jet tech
nique is also useful for testing curved parts such as aeroplane wings and has been 
called squirter technique. 

--=--~--=-- ....--

==~~~-1-- -
Fig. 15.13. Method of coupling and guiding the probe by means of a water delay line and wa
ter cushion, according to Erdman 
Fig. 15.14. Transit tank with sealed windows for testing round bar or tubing by the immersion 
technique 
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When thin water jets are used about 10 mm long, this coupling method is only 
useful for through-transmission techniques, since splashing at the contact point 
generates too many interfering reflections. The consequent high noise level pre
vents the use of the echo method, but if the water jet diameter is about 40 % wider 
than the crystal diameter, an echo technique can be used, at least for short jets up 
to about 50 mm long but because of the high consumption of water this method has 
been rarely applied. 

The tire probe of Fig. 15.13 is effectively a combination of an endless plastic 
belt and a liquid delay line, and is filled completely at elevated pressure. The probe is 
fixed on the axis of the wheel at a distance of several centimetres from the contact 
surface and it can also be tilted to introduce transverse waves into the specimen. 

Coupling by means of the immersion technique in which the test piece is com
pletely immersed in liquid, was already used during the 1930s for the first tests in
volving through transmission. Today it has found much favor for automated testing 
installations since it gives constant coupling without wear and also the possibility 
of changing the incidence angle to allow the use of either longitudinal or transverse 
waves without changing the probe. It is largely applied in aircraft and aero-engine 
manufacture for the testing of plates, discs and extruded profiles, the large 
costs and space demands being fully justified by the increased reliability and speed 
of testing. 

Modern installations for automated immersion testing make use of digital con
trols for both the manipulation of the specimen and of the probes. These can be 
manipulated in three or more different axes by a microprocessor according to a 
predetermined program, which can also include adjustments of the ultrasonic unit 
and for carrying out data processing [184]. 

The immersion technique is also occasionally used for the manual testing of 
complex parts such as steel and light-metal forgings for aeroplane construction. For 
this purpose a cylindrical tube (nozzle) is mounted in front of the probe so that it 
fills with water when held below the surface. Its open end can be plane or shaped to 
match the form of the specimen and so ensure an easy control of both water gap 
and beam direction. 

For testing long work pieces, such as rods, strips or wires by the immersion tech
nique they can be passed through a water tank either by locally bending down or by 
passing them through a short test tank with two windows fitted with rubber seals 
which match the shape of the specimen, as shown in Fig. 15.14. After the specimen is 
inserted the tank is rapidly filled by a pump. 

For the various coupling methods discussed above the costs of the installation 
increase with increasing complexity but at the same time the economy and testing 
reliability are also increased. The choise of a system depends therefore largely on 
the nature and the importance of the testing problem and on the investment costs in
volved. Practical examples will be discussed in part D. 



16 Interference Effects of Boundaries. 
Complex Sound Paths and Screen Patterns 

Mode changing by reflection at boundaries of the test piece sometimes results in a 
basically quite simple testing technique becoming more complicated and interpre
tation of the screen picture more difficult. The principles of wave propagation dis
cussed in Chapter 2 will therefore be applied to a few frequently occurring cases. 

16.1 Effect on the Sound Field of Boundaries Parallel 
to the Beam Axis 

Disturbances of normal propagation already occur if the peripheral rays of the lobe 
strike a lateral boundary as in Fig. 16.1. This affects both the sensitivity and the di
rection of the original beam and additional echoes are produced by split-off trans
verse waves. 

The reflected longitudinal wave interferes with the direct wave and changes the 
original sound pressure and the sensitivity, as indicated in Fig. 16.2 by measure
ments of the echo from a small flaw in comparison with its undisturbed echo 
height. 

Instead of actually measuring the echo height of a small reflector in steel at various dis
tances from the lateral wall, the pattern of the acoustic pressure on the smoothly ground back 
wall was recorded by means of a small receiver, and the squared values plotted in Fig. 16.2 as 
echo heights. 

The most troublesome disturbance is the strong decrease of the sensitivity close 
to the wall, making it difficult to detect small flaws such as incipient cracks in this 
zone. In such cases a common mistake is to move the probe as close as possible to 
the edge. According to Fig. 16.2 this is wrong because for flaws in the far-field the 
sensitivity becomes smaller, the closer the probe is to the edge. The result is even 
worse if the probe projects partially over the edge, because then its maximum sensi
tivity also decreases in proportion to the remaining contact area. For this situation 
the probe diameter should be chosen as large, and the frequency as high, as possi
ble. For a given probe and a given flaw distance there is always an optimum dis-

Fig. 16.1. Interference from lateral boundaries 
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Relative echo height -
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Fig. 16.2. Influence of a plane lateral boundary on the longitudinal sound field: relative echo 
height of a small flaw plotted as a function of its distance from the wall, measured at a dis
tance of 840 mm in steel, for three positions of a 4-MHz probe of 10 mm in diameter 

tance between probe and edge which gives maximum sensitivity and which may 
have to be determined with the aid of artificial flaws, such as lateral saw cuts. How
ever, close to the side wall the sensitivity is always much lower than in the free
field; such flaws are therefore better located by one of the methods illustrated in 
Fig. 16.3, which are also much more suitable for size estimation. 

The physical cause of the reduced sound pressure close to the lateral wall is the 
Al2 phase change of the reflected longitudinal wave. The nearer the angle of inci
dence is to 90°, the closer to unity will be the coefficient of reflection and the more 
completely will the reflected wave cancel the direct wave. This phase reversal occurs 
also for a transverse wave which oscillates parallel to the plane of incidence and 
whose sensitivity along the wall is therefore also reduced in the same way. This 
phase reversal disappears only if the plane of oscillation is parallel to the wall in 
which case the presence of the wall increases the sound pressure to twice its value. 

According to Fig. 16.2, the influence of the wall distorts the directional charac
teristic of the probe so that it has a shape which is no longer axially symmetrical. It 
shows maxima and minima but the principal maximum no longer lies on the probe 
axis but moves away from it, as well as from the wall, by a distance which increases 
as the probe gets closer to the edge. This disturbance can be vividly described by 

!~ 1~7 
I Fig. 16.3. Method for locating flaws close 

to the surface 
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imagining that the original sound beam close to the wall is forced away from it so 
that it appears to bend, the deflection being the greater the more the probe ap
proaches the edge. With such a distorted beam normal flaw locating is no longer 
possible. 

A side wall also influences the back echo which is greatly reduced near such a 
wall. However, the larger the diameter of the probe, the more it averages the max
ima and minima which in general are therefore less pronounced in the back-wall 
echo than shown in Fig. 16.2. But in any case it should be kept in mind that the am
plitude of the back-wall echo can no longer be used as a basis for applying the DGS 
method of defect sizing, as with an undistorted beam. 

Occasionally the side-wall effect can be useful (e. g. for detecting a crack paral
lel to the axis of the beam as shown in Fig. 16.4) iff or some reason the crack cannot 
be irradiated at right angles. The back-wall echo (or in the case of through trans
mission, the measured value) reaches a minimum if the crack is exactly in the axis 
of the beam. It then effectively separates the beam into two laterally deflected 
lobes. If the crack is not too short in relation to the thickness of the specimen, it 
may be situated on the front surface, on the back wall or in between with the same 
effect. For good results in this test, probes with a small diameter and low frequen
cies should be used. 

Another method of detecting such a crack which may lie on the back wall, or in 
mid-section, is by using the so-called tip reflection. Provided the crack tip is ap
proximately parallel to the surfaces (i.e. perpendicular to the plane of drawing in 
Fig. 16.4) and has an appreciable extension in this direction, it can be detected 
from the remote face by using the edge wave generated by thetip (see Sections 2.7 
and 19.3). An additional advantage lies in the possibility of assessing the crack 
depth by measurement of the echo transit time. 

So far the disturbance caused by a single side wall has been discussed. In the 
case of a plate tested from the edge, a second wall is added. For a wave in the plate 
the disturbance caused by the one wall can be compensated again by the other wall 
at certain points. Over longer distances and in thin plates however, the longitudinal 
wave is nevertheless strongly damped and only the parallel polarized transverse 
wave (SH) can be used, as shown already in Section 2.5, Fig. 2.21 a. 

Surface waves can travel with low attenuation along the narrow face of a speci
men, as for e~ample in testing the flat faces of hexagon bar. Apparently the side 
edges do not cause any interference and can even increase the transmission range. 

t Crack 

Relative echo height 
of back-wall 

(') --.. 

Fig. 16.4. Detection of a crack by disturbance of back
wall echo, reduction of echo height, schematic 
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If the side faces are not flat but for instance cylindrical, as when round stock is 
tested longitudinally, the focussing effect of the laterally reflected waves is added. 
This effect is particularly strong if the sound is radiated into the cylinder coaxially. 
The wave which is reflected all around the periphery, can, at certain points on the 
axis, produce much higher sound pressures than the direct wave so that interfer
ence is compensated. This has the effect that the sensitivity along the axis of 
long cylinders may be higher than in the free space. The pattern of the acoustic 
pressure as a function of distance is, however, not uniform because minima are pro
duced by the interference of waves reflected several times and this makes it very 
difficult to estimate the size of small flaws. 

If the influence of side walls is neglected, this can frequently lead to wrong re
sults when using test blocks with artificial flaws. In the case of the pulse-echo 
method the minimum distance between the beam axis and a side wall required to 
avoid disturbing influences can be estimated as follows. The path using a side-wall 
reflection will be longer than the direct axial path and if the difference ex
ceeds about four wavelengths, the first four oscillations of the pulse will not be dis
turbed. In the case of short pulses, i. e. when using instruments and probes with a 
wide frequency band, it is already possible to distinguish the maximum in this un
disturbed zone of the pulse from the disturbed zone which follows it. According to 
Fig. 16.5a this requires that 

or approximately 

In steel for example 

28 - a > 4A 

2d2 > 4A. 
a 

d> 3.5 If mm (frequency f in MHz). 

This applies to the sensitivity along the axis, whereas for an unaffected back wall 
echo double the length a should be used which gives, according to Fig. 16.5b for 
steel: 

d>5 If mm. 

b d>S.-(f [mm] r ifl MHz 

Fig. 16.5. Minimum distance d of a probe from an edge, to avoid interference by the side wall 
in steel. a For small flaws on the axis; b for the back-wall echo 
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Thus for an undisturbed back-wall echo the distance from the wall should be 
greater than that needed for an undisturbed echo of a small flaw on the beam axis. 

Example. In order to obtain an undisturbed back-wall echo from a depth of 100 mm with 
1 MHz, the probe should be at a distance not less than 50 mm from any side wall. The angle of 
divergence of the sound beam, i. e. the diameter of the probe, is in this case irrelevant. For an 
undisturbed echo from an artificial flaw the separation from the side wall must not be less 
than 35mm. 

16.2 Secondary Echoes Produced by Split-Off Transverse Waves 

Transverse waves split-off as shown in Fig. 16.1 leave the side wall of a steel speci
men at an angle of about 33° to the normal, and, according to Fig. 2.6 and Dia
gram 1 (Appendix), almost independently of the angle of incidence of the longitu
dinal wave, provided this angle already exceeds 70°. In the case of grazing inci
dence (close to 90, the amplitude of the converted wave is small, but increases 
with smaller angle of incidence (ace. Diagram 1 in the Appendix, curve Ttl). On the 
other hand the amplitude of the probe beam lobe decreases for increasing angles to 
the axis. Because increasing angle to the beam axis means decreasing angles of in
cidence on the side wall, the mode changed wave reaches a maximum for given va
lues of probe diameter, frequency and distance from the edge, at a particular dis
tance (Fig. 16.6). This maximum moves closer and becomes stronger if the probe is 
moved closer to the edge. 

If this transverse wave is reflected directly back to the probe as shown in 
Fig. 16.7 a, this hardly interferes because the probe is insensitive to it. However, if, 
for example, the wave is reflected at a comer back along its own path, it is partially 
retransformed into a longitudinal wave, producing an interfering echo as shown in 
Fig. 16.7b. On the screen calibrated for longitudinal waves this echo has the appar
ent flaw distance 

J 

a. = a + 1.53 d in steel. 

Fig. 16.6. Distribution of sound 
pressure of split-off transverse wave, 
calculated for various distances be
tween probe and edge 
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"I 

Fig. 16.7. Splitting off of transverse wave. a Direct reflection without interfering echoes; 
b mode reconversion into longitudinal wave 

Derivation, using the designations of Fig. 16.7b: The transit time is composed 
of the time for distance b at wave speed c, and the time for distance e at speed G 

as b e -=-+-
c, c, Ct' 

However, in the case of grazing incidence 

b"" a - d tan (x. 

Furthermore, e = d/cos (x, and for the critical angle (x, sin (X = ctl c,. Thus gen
erally 

(16.1) 

The error in this approximation is less than 1 % for waves with angles to the axis up 
to 10°, i. e. for most cases encountered in practice. 

To avoid a false interpretation of those echoes arising as in the examples of 
Fig. 16.8, the apparent position of the flaw at the distance as should be irradiated 
from another direction, or the test from the same probe position should be re
peated by using a more sharply focussed beam. If the echo now becomes smaller, 
this points to a possible interference phenomenon. Echoes in the form of a grass 

mound are frequently obtained from the rough surface of a hole, or from threads, as 
shown in Fig. 16.8c. The real reason for this phenomenon is readily demonstrated 
by the fact that the mound moves closer if the probe is shifted towards the edge or 
even slightly over it. 

If the side walls are parallel, for example in plates, rods, and cylinders, the 
transverse wave can also travel between the walls along a zigzag path and produce 
multiple interfering echoes. According to Fig. 16.9 the transverse wave, when it 
strikes the wall, is partially reflected as a transverse wave at an angle of about 33°, 
and partially retransformed into a longitudinal wave reflected at a grazing angle. If 
the test piece concerned is narrow enough, the longitudinal wave, after reflection by 
the back-wall, can again return directly to the probe. The echo obtained in this way 
has, however, only half the delay shown in Fig. 16.7b and will therefore appear only 
0.76 d behind the back-wall echo. At the next transverse reflection the reflected 
transverse wave is again split, resulting in a further secondary echo shifted by 
1.53 d. In this way a sequence of secondary echoes is obtained in narrow test pieces 
behind every back-wall echo or flaw echo, as shown schematically in Fig. 16.10. In 
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Fig. 16.8. Examples of the creation of interfer
ing echoes by transverse waves. a Shaft with 
shoulder; b ditto, but note that d is no longer 
the diameter; c shaft with rough or threaded 
hole 

Fig. 16.9. Secondary echoes in a narrow cylin
der (steel) 

Fig. 16.10. Schematic screen trace of a speci
men (plate, round bar or square bar) with 
d: a = 1: 6, with multiple back-wall echoes 
and sequences of secondary echoes (steel) 
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the case of rods of rectangular cross-section this sequence consists of two tele
scoped sequences corresponding to the two different cross-sections. 

If such test pieces have no real transverse flaws, the secondary echoes cannot be 
mistaken for flaws because they appear only after the end echo. However, if true 
flaw echoes are present, the secondary echoes cause confusion and they may give 
the impression that there are more flaws in the specimen than are actually present. 

For very long and slender test pieces the secondary echoes may be more pro
nounced than the back-wall echoes and they may finally be all that remains, ap
pearing in the form of a "beard" (bell-shaped sequence of closely packed echoes), 
when the back-wall echoes themselves have already become very weak. 

Secondary echoes appear as a long sequence of considerable height only if the 
conditions for transverse reflection are good at all points because of smooth sur
faces. If, however, in the case of a given specimen these echoes are badly distorted 
in spite of good surfaces, this indicates longitudinal flaws in the specimens which, 
while still passing the direct longitudinal wave, suppress the oblique transverse 
waves. 

16.3 Triangular Reflections 

In a solid cylinder or a sphere, the peripheral rays from a normal probe making an 
angle of 30° with the beam axis may produce reflections in the form of a triangle as 
in Fig. 16.11. The angle of divergence of a flat probe used on small-diameter round 
stock, or even more so on a sphere, is particularly wide and the triangular echo there
fore very pronounced, as shown in Fig. 16.13. In addition to this reflection path in 
the form of an equilateral triangle, there occurs also a triangular reflection with 
wave conversion according to Fig. 16.12. Both types of interfering echoes appear be
hind the first back-wall echo, at the following apparent distances: 

triangular wave without conversion: 
triangular wave with conversion: 

as = 1.30 d, 
a. = 1.67 d for steel, 

= 1.78 d for aluminium. 

Fig. 16.11. Triangular reflection in round stock without mode conversion 
Fig. 16.12. Triangular reflection with mode conversion 
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Fig.16.13. Screen trace when testing round steel bar 
(40 mm in diameter) 

Figure 16.13 shows the screen trace for 40-mm steel round stock at 4 MHz. 

Derivation: according to Fig. 16.11, in the equilateral triangle with side s, we have 

.!.- = ~ cos 30° 
2 2 

and the total sound path 3s = 3d cos 30°. Of this, however, only half must be taken because 
the screen is calibrated in distance and not in total echo path. Therefore, irrespective of the 
material 

3 
as = "2 d cos 30° = 1.30 d. 

From Fig. 16.12 and using trigonometry it follows that 

IXI = 90° - 21X] 

and from Snell's law of refraction (Eq. 2.3) 

therefore 

and the apparent flaw distance 

sinlXl =~. 
sin IX] c]' 

as = d (cos IX] + ~ ~: sin 2 IX]) • 

Calculating the angles we obtain for 

steel IX] = 35.6°, 
aluminium IX] = 36.5°, 

IXI = 18.8°, 
IXI = 17.0°, 

from which the above-mentioned values for as can be calculated. 

(16.2) 

(16.3) 

Echoes of multiple triangular paths appear after the second back-wall echo, where they 
complicate the screen picture. As in the case of all echoes created by peripheral radiation and 
imperfect contact, the height of the triangular echoes fluctuate considerably with the degree 
of coupling and the spreading of the couplant. They can interfere with the detection of flaws if 
the direct flaw echo in front of the first back-wall echo is not used but instead the W echo 
shown in Fig. 3.16. According to Figs. 3.14 and 3.15 a zone of high sensitivity occurs a little 
beyond the axis owing to the focussing effect of the cylindrical surface. Therefore, larger flaw 
echoes usually appear between the first and the second back-wall echo, where the triangular 
echoes are also located . 

In the case of round stock less than 30 rom in diameter, the dead-zone in front of the 
probe often masks the direct flaw echo. It is then preferable to use a TR probe. 



288 16 Interference Effects of Boundaries 

16.4 61° Reflection 

Sometimes a reflection of the longitudinal wave takes place in a steel specimen at a 
boundary inclined at 61 ° as shown in Fig. 16.14. This is accompanied by conversion 
to a strong transverse wave and if simultaneously reflection from a side wall occurs, 
strong echoes from an apparently greater depth are obtained. 

Derivation: From the geometrical conditions 

and from Snell's law (Eq.2.3) 
sin IX) =..£L 
sin IXt Ct 

the angle IXI> which at the same time is an angle of the prism, is given by 

The corresponding values are for 

c) 
tan IX) =-. 

Ct 

steel: IX) = 61°, 
aluminium: IX) = 64°, 

IXt = 29°, 
IXt = 26°. 

If the entrance point of the beam in Fig. 16.14 is shifted, the apparent echo path, i. e. the 
transit time, remains unchanged: at first glance this may seem sUrPrising because this changes 
both the travel distances for the longitudinal and transverse waves. However, the longer path 
at the higher longitudinal velocity exactly balances the shorter path of the slower transverse 
wave, as shown in Fig. 16.15. The longitudinal portion of the path along 2-2 is longer by a 
than along the path 1-1, while the portion of the transverse wave is shorter by b. The transit 
times along these paths are ale. and ble., respectively. From the triangle it follows that 

a : b = sin IX] : sin IXt 

and from the law of refraction 

2 

Fig. 16.14. Reflection accompanied by 90° deflection and mode conversion in a 61° steel 
prism (64° for aluminium) 
Fig. 16.15. Conditions for mode conversion in a 61° steel prism 
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Therefore 
a b 
-=-

If the faces of the test piece in Fig. 16.14 are extended so that the dotted triangle is ob
tained, the transit time of the echo is identical for all beam entrance points along the shorter 
side and the apparent distance of the echo is equal to the longer side. 

Diagram 1 in the Appendix indicates that the product of the two reflection coefficients 
during the mode conversion, along the outward and return paths, is approximately unity, but 
the waves of the same mode which also occur are reflected away unfavorably, and are verY 
weak. This device therefore represents an almost loss-free converter from one mode into the 
other, with 90° deflection. One can also begin with a transverse wave, beamed from the per
pendicular wall on the right in Fig. 16.t4, assuming that its direction of oscillation is parallel 
to the plane of the drawing. In the case of aluminium the conversion efficiency is still better. 

The effect can also serve to determine the direction of polarization of a transverse-wave 
generating probe. If the transverse wave (shown as T in Fig. 16.14) falls onto the 61° face there 
will only be a mode-changed L wave if the polarization is parallel to the drawing plane. The 
direction of the polarization is found with greater precision by turning the T -wave probe until 
the L-wave echo reaches its minimum. Then the polarization is perpendicular to the drawing 
plane. Instead of the L-echo, the through-transmission amplitude with a L-wave receiverprope 
may also be used. 

A practical example of such a mode-change reflection occurs in the testing of a 
cylindrical hole near a right-angled comer as shown in Fig. 16.16. This could arise 
for example when checking a high-pressure hydraulic cylinder for the presence of 
incipient cracks on the cylinder wall. Even when there are no real flaws the follow
ing geometrical echoes will occur: 

1. Direct echo from hole at distance db 
2. Echo from side wall after a 45° longitudinal wave reflection. 

This echo appears at the distance 

d1 + d2 + 2r(1- sin45j = d1 + d2 + 0.568 r 

irrespective of the material. 
It should be noted that at this point the mode-converted transverse wave pro

duces no interfering echo because it is diverted at an unfavorable angle and disap
pears. 
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Fig. 16.16. Interfering echoes when checking a cylindri
cal hole for incipient cracks 
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3. Echo from side wall after a 61° reflection and LIT conversion. 

The apparent distance is calculated by the formula 

( 90 - (Xl) 
dl +d2 tan(XI+r I-tan 2 =dl +1.82d2 +O.742r 

for steel. 
If, for example, d1 = d2 = r, the echo distances for cases 1, 2 and 3 respectively 

are as 1: 2.57: 3.56. 
Naturally, in addition to any real flaw echoes, other echoes can also occur de

pending on the shape ofthe specimen, such as a back-wall echo for L waves passing 
through the gap between the hole and the side wall and multiple echoes arising 
from the above cases. 

When testing axles from the end face (Fig. 16.17) phantom echoes can arise 
from 45° reflections and 61° mode-changing reflections, originating at the journal 
radii, and these can simulate defect echoes from longer distances. 

Sometimes one can make practical use of the 61° reflection as for example 
when testing a weld as illustrated in Fig. 16.18. The reflecting surface has intention
ally been machined at an angle of 61° to allow the test to be made in this way. 

Fig. 16.17. Phantom echoes in axle 
testing 

Fig. 16.18. Testing the root of a weld using a 6e 
reflection 

Fig. 16.19. Testing the rim of a monobloc railway wheel with 
a 610 reflection 



16.5 Screen Patterns when Plate Testing 291 

When testing the rim of a railway wheel as in Fig. 16.19 an echo can be pro
duced by a double 61 0 reflection and this can be used to check the probe coupling, 
or to give an indication of non-reflecting defects in the rim, if it disappears. 

16.5 Screen Patterns when Plate Testing 

At first glance the screen picture resulting from simple ultrasonic plate testing, as 
in Fig. lOA, shows nothing remarkable. In the case of a flawless plate the multiple 
echoes follow each other at the distance of the plate thickness without intermediate 
echoes, provided the gain is not too high. 

The echo heights generally decrease but not as it is often erroneously assumed, 
simply exponentially as a result of attenuation, but for various additional reasons. 
Firstly the path of the rays can be visualized as being repeatedly reversed, as in 
Fig. lOA, so that each multiple echo can be regarded as the back-wall echo of a 
single plate of multiple thickness. In the near-field of the probe the back-wall echo 
of a given plate decreases only slightly with the thickness, but more rapidly in the 
far-field, and in fact inversely with the thickness (see Chapter 5). To the true atten
uation which varies according to an exponential function, must be added the dis
turbance introduced by the probe with each reflection of the wave from the front 
surface because the probe absorbs a portion ofthe incident energy. Consequently, the 
reflection over the contact area is smaller than at points around it. Phase shifting, 
which depends on the design of the probe, may also occur and as shown in 
Fig. 16.20, a long sequence of echoes may therefore show an irregular change in 
echo heights, similar to beats, showing minima and maxima, whose position shifts 
if the coupling is changed slightly. Such a sequence of echoes is not very suitable 
for quantitative evaluation of the attentuation for example. For this purpose it is 
preferable to couple via a water column, a condition which is uniform and quantita
tively determinable, or at least via a soft coupling layer. 

If the plate contains a small flaw which is not big enough to markedly mask the 
back-wall echo, its echo appears in the same position behind each multiple back-

Fig. 16.20. Screen picture of a long series of multiple echoes obtained from a flawless plate in 
a contact test 

Fig. 16.21. Screen picture of a plate with small flaw 
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,si backwall 
echo 

,Si flow echo 

2nd backwall 
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sequence 

Fig. 16.22. Schematic screen trace of a 
flaw in a plate showing multiple flaw 
echoes 

wall echo. The flaw-echo height changes, but not however in the same way as the 
back-wall echo since in the case of the small flaw, according to Chapter 5, the wave 
structure in the near-field of the sound beam makes itself felt. The point of maxi
mum sensitivity is reached at the end of the near-field while in the far-field the flaw 
echo decreases inversely with the square of the distance. This explains the screen 
picture in Fig.16.21 which shows the different behaviour of flaw echo and back-wall 
echo. The detailed differences depend of course on the size, frequency and particu
lar design of the probe. 

Sometimes the screen picture is further complicated by multiple echoes which 
follow the flaw echo. As shown schematically in Fig. 16.22 the sequence of flaw 
echoes may in certain circumstances also extend behind the first back-wall echo 
where it is superimposed on further sequences of flaw echoes, resulting in a very 
complex picture. This portion of the picture is however of little significance for flaw 
evaluation. 

The screen picture of a plate may look slightly different from Fig. 16.21, if the 
flaw does not consist of a small, limited discontinuity which reflects the sound 
completely, but is a partially transparent layer which, therefore, reflects incom
pletely. Examples of this type are accumulations of finely distributed inclusions in 
a given plane of a sheet which are partially transparent like a lace curtain, imper
fectly fused laminations as frequently encountered in light metals, and shrink fits 
and plating, where even a flawless bond may have a certain reflectivity due to dif
ferent acoustic impedances. This then need not necessarily constitute a defect and 
the resultant echoes are therefore called layer echoes. 

The various sequences of layer echoes, as produced by each back-wall echo in a manner 
similar to that shown in Fig. 16.22 need not decrease uniformly but may show characteristic 
maxima whose positions depend on the reflection coefficient of the layer concerned. Such an 
echo picture is shown schematically in Fig. 16.23 which also includes details showing the for
mation of the individual echoes, each being designated by three indices. Since the pulse when 
it reaches the layer is split each time into a transmitted and a reflected portion, it breaks up 
into an increasing number of partial pulses as the number of mUltiple echo reflections in
creases. The three indices of such a partial pulse indicate how often it has passed through the 
entire plate or each of the two sections, which lie above and below the layer respectively. 
Nearly all echoes then consist of several components with equal transit times. In the case of 
the echo marked 210 the total number of transits is six, namely three of type 210 and three of 
type 121. They are shown next to each other above the screen pattern. Each of the six compo
nents is shown again in the diagram of the pulse paths under the screen picture. With increa
sing echo distance the number of separate components participating in a given echo is greatly 
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Fig. 16.23. Calculated screen picture of a plate with a partially transparent layer. Multiple 
back-wall echoes shown in bold lines. Reflection coefficient of layer = 0.2 and of coupling 
point 0.9. The echoes belonging to a given sequence are connected by curves for clearer indi
cation of their changes in height. Below: pulse splitting at layer. Above: example of an echo 
composed of six partial pulses 

increased so that it can become higher than the previous echo of the same sequence, although 
the individual partial pulses themselves are smaller [556, 1080], Fig. 16.23 indicates that the 
echoes of a given sequence-the indices within a given sequence are identical except for the 
first index-first increase in height and decrease again only after they have passed through a 
maximum. The envelope of each echo sequence, as well as the envelope of the back-wall 
echoes, pass in their further progress through alternating zeros and new maxima. These are 
not shown in Fig. 16.23. 

For further theoretical considerations, and for experimental results with layer echoes, see 
Mundry [1080]. 

The summation effect of the partial pulses can provide evidence for the presence of 
weakly reflecting layers by observing the increase of the intermediate echo heights within a 
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a b 

Fig. 16.24. Screen pictures of flawless plates of (a) steel and (b) aluminium, at high gain 

long series of multiple reflections from a plate, the first direct echo being hardly visible before 
the first back-wall echo. In addition the position of the maxima can give information regard
ing the coefficient of reflection of the layer and thus, where applicable, the quality of a bond. 
In evaluating screen pictures of this type it is, however, necessary to take account of interfer
ing echoes the causes of which are described below. 

If the gain is high enough, interfering echoes also appear between the mUltiple back-wall 
echoes even in the case of a flawless plate. Examples of these echoes are shown in Fig. 16.24 
on screen pictures of steel and aluminium plates, respectively. Their position thus depends on 
the material and according to [556] and [753] these interfering echoes are produced by multi
ple back-wall echoes which have travelled through the plate along their single or repeated 
paths as transverse waves. The sound beam from a longitudinal wave probe is not a simple 
plane longitudinal wave but also contains obliquely travelling longitudinal waves and trans
verse waves oflow amplitude, as shown in Fig.4.23 for a very small probe. A wave incident ob
liquely on the back-wall is converted partially into another mode, although at the small angles 
concerned this conversion is very weak. The probe will also receive echoes of obliquely inci
dent transverse waves because the transmitting and receiving characteristics are always iden
tical. Therefore, a first interfering echo is produced by a wave which on its outward path 
passes through the plate as an oblique longitudinal wave, and on its return path as a transverse 
wave, producing a longitudinal-transverse (L1) echo. This is, however, also the transit time of a 
transverse-longitudinal (TL) wave. The next to arrive is a transverse-transverse (TT) wave 
whose apparent echo path is qlc, times the plate thickness d. Generally the apparent echo 
path for a combination of m longitudinal paths and n transverse paths is determined by: 

0.5 d (m + n ~:). 
For the first two paths one thus obtains 

for steel LT and TL: 1.41 d, 
for aluminium LT and TL: 1.51 d, 

TT 1.82 d, 
TT 2.04 d. 

As shown in Fig. 16.24 the first TT-wave echo for aluminium is invisible because it is masked 
by the second back-wall echo. 

These echoes should not be wrongly interpreted as flaw echoes when testing sheets and it 
should be noted that owing to the above-mentioned summation effect their heights in a longer 
series of echoes may at first increase. 
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16.6 Interfering Echoes Produced by Surface Waves 

Surface waves are frequently produced unintentionally. Whenever a probe is cou
pled to a solid they are radiated unavoidably, but usually they are very weak com
pared with the longitudinal or transverse waves. However, this may no longer be the 
case if the sound beam is broader and more divergent for small DI A ratios, as for 
example with probes of exceptionally small diameter, with incomplete contact, for 
low frequency probes below say 1 MHz and with angle probes of large beam angle. 

Using a O.S-MHz normal probe on the polished face of a large forging or casting 
large interfering echoes are arise by surface waves reflected from the edges of the 
specimen or from the periphery ofthe polished area. Higher frequencies can be damped 
by merely touching the surface with an oily finger, and this technique can be used 
for distinguishing such interfering signals from true flaw echoes. At frequencies below 
1 MHz this is, however, more difficult, even if the full palm of the hand is used. If one 
does not want to use considerably larger probes, which naturally require correspon
dingly larger coupling areas, specially designed probes can overcome this difficulty. 
When using square transducer plates, or transducers subdivided into squares, the sur
face waves in the contact plane are not radiated uniformly in all directions but in a 
fourlobed directional pattern. By rotating such a probe, interfering echoes can be distin
guished from true echoes. Because of interfering surface waves, low frequencies 
only should be used on rough unpolished surfaces since these quickly damp out the 
interfering wave and merely produce a little grass. 

However, incomplete contact is frequently unavoidable for example when test
ing round bar stock. On small diameters strong surface waves are radiated even if 
higher frequencies are used. The original longitudinal waves can then be entirely 
suppressed by dry coupling using slightly higher contact pressure, and in this way it 
is possible to exploit the original interference effect for testing by means of surface 
waves (Section 17.4). 

When using the immersion technique boundary waves are produced corre
sponding to the surface waves and can also produce interfering echoes. These waves 
are similarly propagated in all directions from the point of incidence of the sound 
beam, and, compared with the useful sound, they are stronger when the DI A ratio at 
the point of incidence is small. On a surface which is not very smooth, the interfer
ing grass produced by the boundary wave may greatly impair the resolution of flaws 
close to the surface. Boundary waves also occur between two solid layers bonded to
gether but have so far not given any noticeable trouble. 



17 Testing with Ultrasonic Waves Radiated 
Obliquely to the Surface 

17.1 Obliquely Radiated Longitudinal Waves 

These waves are used only rarely for two principal reasons. As explained in Sec
tion 2.3 the longitudinal waves are always accompanied by oblique transverse waves 
at a smaller angle and these often generate interfering echoes from geometrical fea
tures of the specimen. In addition, if they fall on any reflecting surface at an angle 
other than 90° they lose energy by mode changing. The zigzag technique for exam
ple in plates is not useful and even the comer reflection is poor (Section 2.8, 
Fig. 2.25). 

Figure 17.1 shows that a groove cannot serve as a reference reflector for longi
tudinal waves because it does not give a graduated relationship between echo am
plitude and depth of the groove. 

Nevertheless there are some useful applications for oblique longitudinal waves 
in those cases where it is not possible to generate transverse waves by refraction be
cause of the need for using small angles of incidence (Figs. 17.2 and 17.3). Typical 
examples are for the identification of ofT-center defects in large cylindrical forgings, 
for cracks at the root of threads in drill pipe and for the testing of wheel sets 
(Fig. 23.3). In such cases thin wedges of perspex are fixed to the face of a normal 
(OJ probe, with a wedge angle between 2° and 10°. For some problems special lon-
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Fig. 17.1. Echo amplitude of a groove, compared with a standard borehole, for longitudinal 
and transverse waves according to [358] 
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Fig. 17.2. Detection of off-central defects in large forgings by longitudinal waves 
Fig. 17.3. Detection of cracks in threads by longitudinal waves 

gitudinal-wave angle-probes are used as for example for weld testing in plastics 
(Fig. 28.17) because transverse waves here have too high an attenuation, and for 
testing of austenitic butt welds (Section 28.16), because the scattering of longitudi
nal waves by the dendritic structure of the weld is smaller than of transverse waves 
[539]. 

When very good sub-surface resolution is needed, it can be obtained by using 
longitudinal-wave angle-probes in the TR technique, but when working with such 
probes it has to be kept in mind that small variations of the perspex wedge angle, 
for example by wear, changes the beam angle considerably. Therefore the disturb
ing influence of a rippled or rough surface is much greater for longitudinal waves. 
This is caused by the fact that the ratios of velocities in the wedge and in a steel 
specimen for these wave types differ widely: cperspex = 2730 mis, Csteel (long) 

= 5750 mis, Csteel (trans) = 3150 mls so that: 

Csteel (long) = 2 1 h re . , w e as 
cperspex 

Csteel (trans) = 1.2 . 
Cperspex 

These indices of refraction are responsible for the differences of the behavior of the 
two wave types. 

17.2 Longitudinal Creeping Waves 

As described in Section 2.5 (Fig. 2.17) these waves propagate parallel to a plane sur
face where they have been generated, losing energy continuously by splitting-off 
transverse waves and have therefore a range of only a few centimeters. They do not 
follow the contour of a curved surface nor are they affected by its roughness. 

Both the split-off transverse waves and the remainder of the longitudinal wave 
can create interfering echoes which depend on the specimen geometry. On a paral
lel rear wall a second creeping wave is generated which can also be used for defect 
detection (Fig.2.17a). 
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Fig. 17.4. Echo amplitude of a creeping wave at a rectangular groove 
Fig. 17.S. Detection of a weld-root crack by creeping waves 

The optimum angle of the perspex wedge for the generation of a creeping wave 
depends on the longitudinal velocity in the specimen, measured along the surface 
(if for example it is not isotropic). A change of only 5 %, which can take place be
tween a carbon steel and a high alloy steel, will require a different angle. In critical 
cases even the ambient temperature may have an important influence because the 
sound velocity in perspex is strongly affected by temperature. 

Tests with rectangular grooves (Fig. 17.4) have shown that the echo of a 2-MHz 
creeping wave already reaches a maximum value below 1.0 mm groove depth. This 
means that creeping waves can be used to detect very small defects close to the sur
face, but not to easily differentiate them according to their depths. 

A typical application would be to detect sub-surface defects, which do not form 
a corner reflector with the surface, for example a small crack in a weld as in 
Fig. 17.5. See also [400, 395, 401, 413, 230, S 162, S 20, S 118]. 

17.3 Transverse Waves 

When testing curved plates or pipe walls, transverse waves which are propagated 
along a zigzag path are frequently used (Fig. 17.6). Compared with longitudinal 
waves their chief advantage here is that if incident at angles greater than 33 0 in steel 
(30 0 in aluminium) they are totally reflected without being split. In such specimens 
they can therefore travel long distances provided the roughness of the surface is 
small compared with the wavelength so that losses by scatter reflections do not oc
cur. In addition, the amplitude decreases only according to the law of distance (div
ergence of beam) and the attenuation of the material for transverse waves. 
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Fig. 17.6. Propagation of a transverse wave 
along a zigzag path by total reflection 
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Fig. 17.7. Edge echoes in a plate and their envelope curves, schematic 

The plane of polarization for a transverse wave which is generated in the usual 
way by mode changing on refraction (SV wave) is parallel to the plane of incidence 
(or the plane of the drawing). The other transverse wave type (SH wave) with per
pendicular polarization cannot be generated by refraction but in practice only by 
electromagnetic methods, (Sections 2.4 and 8.4). This type can also be very useful 
for defect detection because no other type of wave, not even a surface wave, is split
off. The absence of phase reversal on reflection at a free boundary also allows even 
simpler propagation in shell-formed specimens, than when using the usual trans
verse waves (Fig.2.21a). See also [248, 292, 462, 463,464,466,786,1366,1673]. 

When using the zigzag method the complete cross section of the test piece can 
be scanned if the probe is shifted through the skip distance s (Fig. 17 .6). In this way 
both surfaces can be checked for incipient cracks, and the entire cross section for 
other defects. A back-wall echo as is obtained when testing normal to the sur
face occurs only at an end face into the corners of which the zigzag path is in
cident (Fig. 17.7). If the probe is moved back and forth relative to this end face, 
corner reflections produce alternately echoes from the bottom or the top edge. In 
accordance with the divergence of the beam, these echoes reach a maximum and 
then disappear again, i. e. they pass through envelope curves with a more or less pro
nounced maximum (Fig. 17.7). For short sound paths in thick plates only one echo 
at a time is visible, while for longer paths, or thinner plates, the envelope curves are 
broader and overlap each other. Thus from an edge, just as from a flaw, one has 
several simultaneously produced echoes, in accordance with the zigzag paths of dif
ferent inclination (Fig. 17.8). This may make it difficult for the inexperienced ex
aminer to interpret and locate flaws because he is accustomed to viewing the echo 
traces while the probe is stationary. If, however, a dynamic testing technique is ap-
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Fig. 17.8. Edge echo along different zigzag paths 
Fig. 17.9. Echo of a flaw with zigzag waves in a pipe wall 

plied by steadily moving the probe back and forth while observing the screen trace 
(which requires some skill and practice) it is easy to allocate each echo to the 
maximum of its envelope curve and this facilitates interpretation. 

With longer paths and thin cross-sections, the echoes along the various zigzag 
paths form a close-packed echo group, as shown in Fig. 17.9 for an incipient crack 
in a pipe. In this case exact flaw location as well as differentiation between several 
closely spaced flaws is difficult. 

For tracing the zigzag path and the origin of echoes the finger-tip test can be 
useful: if one touches, with an oily finger, the reflection point of an obliquely inci
dent transverse wave, the echo height in steel may fluctuate by as much as one 
third. For longitudinal waves, however, there is very little influence and in the case 
of vertically incident transverse waves none at all. 

Flaw location when using the zigzag method, is facilitated if one marks on the 
viewing screen the reflection points corresponding to the two surfaces by movable 
pointers. Since this method of flaw location is particularly important for testing 
welded seams, it is discussed in Chapter 26 in greater detail. In some cases 
(Fig. 17.10) the reflection points are indicated automatically if the surface is a little 

Fig. 17.10. On rough surfaces reflection points can 
be indicated by stationary "grass mounds" 
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rough. "Grass mounds" appear at these points .on the time base, which, if the 
probe is shifted, maintain their position whereas individual small echoes move 
across them. If for example a flaw echo reaches the maximum of its envelope curve 
exactly at the midpoint between two such points, the flaw is located halfway be
tween the faces of the specimen, and its distance from the probe can be calculated 
so that its position is therefore completely determined. 

In order to check the sensitivity of the angle beam or zigzag test, it is frequently 
found convenient to use the edge of a rectangular block as in Fig. 17 .8, or often sim
ply a piece of plate with one straight edge. According to Fig. 2.27 b, the echo height 
in the case of corner reflection can, however, be used as a reference echo only with 
caution: in the case of steel, total reflection occurs only between 33° and 57°, but 
very little reflection for instance at 60°. This is also important to note when check
ing the beam angle: in the case of a 60° probe, the peripheral rays of the beam are 
reflected strongly at 57° and in the usual adjustment technique for maximum edge 
echo, they shift the apparent beam angle to values smaller than 60°. The beam 
angle can therefore be measured more accurately using a side-drilled hole and this 
applies particularly to larger beam angles. 

In order to calculate the location of the flaw when the zigzag method is applied, 
the following simple formulae are used. According to Fig. 17.11a the skip distance 
in a flat plate of thickness d is 

s = 2d tan IX 

and the sound path corresponding to a full skip distance 

2d 
w=-

s cos IX • 

(17.1) 

(17.2) 

Finally, the depth of the flaw in the case of an arbitrary, rectilinear sound 
path w according to Fig. 17.11 b is 

t=WCOSIX. 

The corresponding factors for a few commonly used beam angles are 

2 tan (X 

2/cos (X 

cos (X 

1.4 
2.4 
0.82 

2.0 
2.8 
0.71 

3.5 
4.0 
0.50 

b 

5.5 
5.8 
0.34 

(17.3) 

Fig. 17.11. Relation between skip distance s, sound path w, beam angle (X and flaw depth t in 
a plate. a With reflection; b without reflection 
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Fig. 17.12. Zigzag waves in the wall of a pipe in a circumferential direction. Ratio of skip dis
tance (a) and sound path (b) in the pipe to the values in a plate of equal thickness, plotted as a 
function of the ratio of the wall thickness d to outside diameter D 

In pipe walls both the skip distance and the corresponding sound path are in
creased by factors f. and fw respectively, the values of which depend on the pipe di
ameter D and the wall thickness d. Figure 17.12 gives these factors as a function of 
the ratio diD and the above-mentioned angles. Where the slopes of these curves are 
vertical the inside wall is no longer reached by the beam. In the case of round stock 
and tubing Figure 17.13 shows that only a certain maximum depth d (or wall thick
ness d of pipe) can therefore be covered by the test and this is determined by the re
lation: 

diD = 0.5 (1- sin a). 

For the above-mentioned angles one obtains 

diD = 0.21 0.15 0.067 0.30 
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Fig. 17.13. Maximum penetration depth for round stock, or 
wall thickness of thick-walled pipe, at given beam angle a 

and since for oblique transverse waves in steel only angles above 33° can be consid
ered for practical purposes, cylindrical specimens can be tested only to a depth of 
0.22 D, i. e. approximately one fifth of the diameter. 

Since for the smallest angle of transverse waves we have sin amin = ctf CI the general rela
tionship for the maximum testing depth is: 

dmax =.!.. (1 _ ~) 
D 2 CI 

which, for aluminium and copper, gives slightly greater values, viz. 0.25 and 0.26 respectively. 
If, theoretically, the wave still just grazes the internal wall of a thick-walled pipe, the sensitiv
ity is nevertheless already zero as a consequence of the side-wall effect. Therefore, when 
checking for inside incipient cracks, one can no longer apply the calculated critical thick
nesses. 

In a flat plate the axial direction of the zigzag path is the same as the axis of the probe ca
sing, making allowance for manufacturing tolerances. If one extends the probe axis by means 
of a ruler, its edge passes through the projection of a flaw onto the surface, which can then be 
used for its location. This no longer applies in the case of a test piece whose thickness trans
verse to the direction of the beam changes, e. g. a wedge or a turbine blade. In this case the 
zigzag path curves towards the thicker side, which makes flaw location more difficult. Here 
One can fall back on the finger-tip test to determine the beam direction. 

Occasionally transverse waves are used on pipes or solid cylinders, which are beamed into 
the specimen obliquely to its axis. Their reflection points on the surface are located on a spi
ral to which the longitudinal direction of the probe is a tangent. This track is therefore more 
difficult to visualize for flaw location. 

In the testing of wedge-shaped specimens, e.g. eccentric pipes in the direction of their cir
cumference (Fig. 17.14) the wave may return along its own path because the angle of inci-

a b 

Fig. 17.14. Interfering echoes in the case of an eccentril but otherwise flawless pipe, by rever
sal of steeply incident zigzag waves 
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dence decreases with each reflection if the sound is beamed in the direction of the thinner 
section. Since this involves an angle smaller than that of total reflection, the wave is at the same 
time strongly weakened by split-otT longitudinal waves. This may prevent the detection of 
flaws beyond the thin section but the difficulty can be overcome by using larger incident 
angles. 

A testing technique with transverse waves known as the delta technique (A tech
nique) utilises the scattered or edge waves of a flaw [268]. According to Section 2.7 
the edge wave consists both of a longitudinal wave and a transverse wave and in 
Fig. 17.15 the test piece is irradiated acoustically by one probe and the longitudinal 
edge wave is received by a second probe. For scanning purposes both probes should 
be moved together as well as relative to one another according to a program, which 
in practice can be realized only by the immersion technique. The received signal re
cords a C scan (see Section 19.3). 

Fig. 17.15. Delta technique, schematic 

In practice two separated normal probes working as transmitter and receiver are 
rarely used, whereas with angle probes this technique is quite common (Fig.5.14b). 
With specimens in the form of flat plate it is called a "pitch and catch technique" 
and using the double total reflection from a flat flaw perpendicular to the surface it 
is useful for testing welds in thick plate. To facilitate manual operation of such a 
technique, devices have been described with mechanical coupling between the two 
probes to allow the complete scan of a vertical weld section (Section 28.1 and 
[885]). 

17.4 Rayleigh Waves (Surface Waves) 

This method is not of great importance for several reasons. On the one hand most de
fects which it can detect are found more easily by direct visual inspection or with 
the help of magnetic particle or liquid penetrant methods, which are quicker and 
cheaper. It also needs clean and smooth surfaces on which the coupling liquid must 
be restricted to the probe contact point so that echo amplitudes are not affected by 
surplus liquid. 

Rayleigh waves of frequencies above 1 MHz can be damped by touching their 
path with an oily finger, this technique helping to trace their path and clarify the 
origin of any echoes received. 

As indicated in Fig. 17.16 the wave can also follow a curved surface and travels 
with little interference over edges if they are rounded with a radius greater than the 



a 
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Fig. 17.16. Checking a machined compo
nent for incipient cracks by means of sur
face waves, frequency 4 MHz; depth of 
crack approx. 0.3 mm. a Screen pattern 
without crack echo, with several surface
and split off transverse wave echoes accord
ing Fig. 17.17 (T); b specimen with two 
probe positions and indication of the sur
face wave paths; c screen pattern with crack 
echo. 

Fig.I7.I? Conversion of a surface wave into a transverse 
wave and vice versa 

wavelength, but even a sharp edge still fails to reflect them completely. The remain
ing wave travels over it so that in the case of an open crack its depth can be mea
sured by observing the further echo received from the bottom. According to [153] 
the reflected wave reaches a maximum only in the case of a projecting knife edge. 

At a re-entrant edge (Fig. 17.17) a complication can arise: the wave is partially 
reflected, partially continues, and is partially converted into a transverse wave (Sec
tion 2.5) which, if the specimen is shaped as shown in the drawing, can give rise to 
an interfering reflection. This also happens at a groove sawn into a specimen for 
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testing purposes and at incipient cracks which a portion of the wave thus bypasses. 
This can be demonstrated by applying the touch test in which the echo of the trans
verse wave together with the echo of the corner can be damped by touching the 
track only before the corner concerned, but no longer behind it. 

To get the best indication of surface cracks when using Rayleigh waves they 
should be irradiated perpendicularly. However, if they start at an edge, as in the 
case of the turbine blade in Fig. 22.20, the beam is preferably directed into the 
corner formed by the crack and the edge, at any angle between zero and 90° be
cause the Rayleigh wave does not change its phase if reflected at grazing incidence 
from an edge and there is no mode change either. They can therefore follow a nar
row face as in Fig. 22.24, whether or not it is formed between sharp or rounded 
edges. If the contact area with the specimen is smaller than the full contact surface 
of the probe, the amplitude of an echo is reduced, but on narrow and curved faces 
the contact surface can preferably be adapted by grinding to allow better contact 
and easier guidance. 

Echoes by Rayleigh waves cannot readily be used as a measure for the size of 
the reflector or the depth of a crack. The relation between echo amplitude and 
crack depth is not definite because the echo increases only up to a depth of 0.4 A af
ter which it fluctuates, finally reaching a constant value independent of the crack 
depth [739]. 

There is also another reason why the amplitude cannot be used to measure the 
crack depth. Only open cracks reflect the surface wave fully but if they are filled 
with any foreign material such as that used for grinding or polishing the specimen, 
they can be quite undetectable by the method so that removal of foreign material is 
necessary before the method can be used successfuly. 

A surface wave test can indicate crack-like defects lying just below the surface 
at a distance of about one wavelength, but small spherical pores immediately be
low the surface do not give good echoes apparently because of their poor geometri
cal reflectivity. 

For reception of a surface wave, or of any other boundary wave a laser can be 
used as explained in Section 8.6, without disturbing the wave by mechanical probe 
contact. In this way defects can be made visible by the shadow method [739]. 

Since when a knife edge is pressed dry against a flat surface strong Rayleigh
wave echoes are produced an adjustable delay line for interferometry or for distance 
calibration can be constructed in this way. 

"Grass", caused by the presence of coarse grain or a very rough surface can 
make locating a flaw impossible. However, it can be used as a quantitative measure 
of one of these two variables if the other remains constant, for example on turbine 
blades. 

In this connection the possibility should also be mentioned of using surface 
waves for measuring layer thicknesses on the basis of their velocity, for example of 
a hardened layer or plating, for determining texture and for checking surface layers 
for faulty bonding (cf. Sections 29.2 and 33.1). 

Using surface waves, Rasmussen [1229] has been able to detect very small inci
pient cracks on the surface of fatigue-test specimens and he could thus predict the 
origin of a fatigue fracture. 
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Of the five possibilities for generating surface waves, viz: 

1. Surface-wave probe (conversion from longitudinal waves via a plastic wedge 
(Section 2.5), 

2. Transverse-wave radiating crystal with viscous contact (Section 7.1), 
3. Normal hard-faced transducer using linear dry contact under pressure (Sec-

tion 15.3), 
4. Electro-dynamic excitation (Section 8.4), 
5. Excitation by laser shock (Section 8.7), 

the first is in practice used almost exclusively. However, it has to be kept in mind, 
that the best efficiency is achieved only if the required angle of the perspex wedge 
is exactly calculated from the velocity of the material to be tested. A 5 % deviation 
on either side means that either no waves at all are generated in the specimen or 
only transverse waves. 

The fourth and the fifth methods are still under laboratory development. 
The second and third methods are rarely used in practice but for an example of 

the latter see [13]. 

Method No.3 also works with a transverse-wave crystal, pressed onto a dry cylindrical sur
face. If the direction of polarization is parallel to the axis of the cylinder transverse waves are 
also generated as well as the Rayleigh waves, and these are polarized paraliel to the surface 
and follow its curvature. They can be distinguished from the Rayleigh wave by their higher 
velocity (Section 2.6). 

Also by this method Love waves can be generated within surface layers, serving for exam
ple for bond testing and being more sensitive for this application than the Rayleigh wave. This 
is because they cannot propagate in a layer of less than half a wavelength and can therefore in
dicate lack of bonding if the test frequency has been chosen appropriately. 

For further testing techniques with Rayleigh waves see also [259, 456, 1568, 
1569, 668, 739]. 

17.5 Plate Waves 

Figure 24.2 shows schematically the propagation of a sound beam by zigzag reflec
tions in a plate. At the beginning the zigzag path of the beam is still clearly distin
guishable, but after a few repeated reflections, the beam paths overlap so that the 
entire plate is affected by the vibrations. In a thin plate it cannot be avoided that 
this overlapping begins directly under the probe. Such waves which in a plate leave 
no zone free of sound are generally called plate waves. 

If the angle of propagation is unfavorable, the overlapping of several reflected 
beams results in cancellation by interference as shown in Fig. 2.22. Diagram 9 (Ap
pendix) gives the favorable angles of propagation for steel plate at which no cancel
lation occurs. Apart from the material properties these optimum angles also depend 
on the plate thickness and on the sound frequency. This explains the phenomenon 
that some plate-wave echoes have a form different from that of the more usual 
echoes being broader and consisting of a large number of high-frequency oscilla
tions (Fig. 24.14). This "melting away" of the plate-wave pulse is the more pro-
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nounced, the longer the transit path and the steeper the branch of the curve in Dia
gram 9 for the corresponding plate thickness. 

In practice plate waves are used both in reflection and transmission, and the 
angle probes used for excitation should preferably have an adjustable angle of inci
dence so that the angle corresponding to the frequency and thickness of the plate 
can be selected. Usually several favourable angles are found experimentally and 
very large crystal dimensions give better results. Angle probes with a fixed angle 
have also been successfully employed by adjusting the frequency and the pulse 
length. 

Electro-dynamic excitation has also been used in practice (Section 8.4 and 
[676]) and by its non-contact operation it avoids the problem of conventional liquid 
coupling in which the newly generated plate wave is immediately damped by the 
front edge of the probe and the surplus couplant liquid. 

Instead of conventional liquid coupling, better echo stability is achieved by a 
full immersion technique. However, because of continuous radiation of longitudi
nal waves into the water, the sensitivity drops very rapidly. 

A reason for the rather uncommon use of plate-wave techniques is that there is 
no certain relationship between the echo amplitude and the width of a lamination 
or of a linear inclusion. It is unfortunately of no help that there has been found a 
correlation between the depth of artificial grooves and the corresponding echo 
height for certain wave modes [1426]. The method is preferably used for inspection 
of high-quality plate, where any echo indicates an important defect irrespective of 
its extent. 

Methods using plate waves and rod waves with the appropriate wave forms are 
treated in detail in Chapters 24 and 25. See further [1282, 1283, 1316]. 



18 Interference from External High-Frequency 
and Ultrasonic Sources 

In order to correct internal faults of ultrasonic instruments, only the relevant ser
vice instructions should be consulted. In the case of external interference, however, 
certain remedies of general validity apply. If several adjacent pulse-echo instru
ments with not exactly identical repetition frequencies are used, the pulses are 
transmitted from one instrument to the other electrically and they travel across the 
image. This requires synchronisation of the repetition frequencies of the instru
ments concerned and instruments designed for use in testing installations are 
usually equipped with this synchronisation facility. If not installed, synchronisation 
is usually p,?ssible by slightly changing the wiring and for this purpose it is recom
mended to consult the manufacturer. 

Since the frequency range of the amplifier largely coincides with that of radio 
receivers, this may result in radio disturbances which manifest themselves in the 
loudspeaker by crackling, sizzling, etc. and these may also appear on the screen. 
These are usually caused by radio-frequency disturbances produced by electrical 
machines. Occasionally even a powerful, nearby short-wave transmitter may present 
its program on the screen. Disturbances difficult to eliminate are also caused by the 
transistor controls of electric drives widely used in modern production plants. 

Another, non-electrical type of disturbance can result from the mechanical pro
cessing of the test piece. During hammering, turning or grinding generally, ultra
sound is generated in addition to audible sound, and this can be received by the 
probes appearing as crackling on the screen. This concerns non-directional interfer
ence sound with a wide frequency range which includes all possible wave modes. 

Occasionally this can be exploited usefully: if it is desired, for instance, to de
termine accurately, according to Fig. 18.1 in a large forging, the point of incidence 
of an oblique transverse-wave beam, this is found readily by means of a small, high
speed grinding machine by determining the contact point on the surface where the 
intensity of the disturbance reaches a maximum. 

Fast automatic testing is greatly hindered by such external noise conditions and 
there are several possibilities of avoiding them: 

The position of the test installation must be remote from the place where inter
ference arises. 
Appropriate construction can avoid interfering mechanical noise; for example 
the skids and rollers for guiding the test objects should be built from plastics. 
The test-frequency band should be kept away from the frequency range of the 
interfering noise. 

For example in a testing installation close to a grinding machine for rods, the noise fre
quency was below 500 KHz. At the test frequency of 5 MHz the interference could be elimi-
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Fig. 18.1. Hand grinder as source of ultrasounds. 

nated by using an amplifier having a frequency band with a low frequency cut-off well above 
the 500-KHz limit. 

The first mentioned electrical interference is usually eliminated at its source 
only at great expense. With visual observation of the screen picture it is easy to dis
tinguish them from real echoes as long as they are not too numerous. For automatic 
evaluation however, as is usual in big test installations, special arrangements have 
to be made to allow reliable evaluation. To determine the correct measures it must 
be kept in mind that there are three different ways in which this interference can 
enter the amplifier. 

The first route is by way of the mains connection. However, most pulse instru
ments are connected to the mains via interference suppressors, so that in practice it 
is necessary to connect additional chokes and filtering capacitors only if the echo 
monitors are connected to mains-operated devices, such as solenoid valves and 
electrically actuated marking devices. In this connection attention is drawn to the 
fact that in most countries the maximum capacitance of the filtering condensers is 
specified, which for safety reasons may not be exceeded. It is recommended, there
fore, in the planning and execution of such anti-interference measures to consult 
an electrical engineer familiar with the local safety regulations. 

The second route for entry of interference is via the connection cable between 
instrument and probe, i.e. the test cable. This acts as a receiving aerial for the elec
tromagnetic fields radiated from the connecting leads of the interference sources. 
An anti-interference measure can therefore be a compact layout of the testing in
stallation, i.e. the positioning of the instrument close to the probe using the shortest 
possible test cables. Where for reasons of more convenient operation the instru
ments are positioned at a greater distance from the point of testing, it is recom
mended that a coupling unit consisting of transmitter and preamplifier is installed 
in close proximity to the probe, which amplifies the effective signal above the exist
ing interference level. Most manufacturers can offer such units as accessories to 
their normal instrument programme. Only in some rare, intractable cases, for ex
ample close to short-wave transmitters, will it be nec.essary to provide additional 
shielding by housing the probes together with the preamplifier units in a Faraday 
cage. 

The most frequent cause of penetration of interference is the third route, via the 
earthing leads. In high-frequency engineering a basic rule for interference-free ear
thing recommends that all earth leads of a given installation should be connected 
to a single grounding point only. In practice, however, this rule can be followed 
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only with instruments of compact design and it cannot be realized in installations 
as such, particularly not in the case of most electric power installations. Conse
quently, in workshops equipped with electrical machines significant disturbance 
voltages can usually be measured between any two grounding points even if they 
are separated by only a few metres. As a remedy star-point grounding can be recom
mended as far as practically possible, and in addition to apply the remedies recom
mended in the previous paragraph, i.e. a compact installation and the use of pream
plifier units in immediate proximity of the probe. However, since every ground lead 
also represents an inductive impedance for the high-frequency interference cur
rents and since every instrument module has a capacitance to ground which shunts 
the star-connected ground leads, it is in practice not always possible to reduce-the 
inductive or capacitive disturbance to an acceptable minimum. Residual interfer
ence should be suppressed on the evaluation side of the installation. However, 
since none of these evaluation measures are 100 % reliable, care is advisable. 

A simple method of suppressing interference on the evaluation side makes use 
of the fact that such signals occur invariably in irregular sequences, and non-syn
chronized with the repetition frequency of the pulse instrument. If the response 
time of the monitor is delayed so that it transmits a signal only if during several 
successive periods a pulse signal appears in the gate, the interference can be sup
pressed successfully. It is statistically most improbable that such a pulse sequence 
is produced by interference signals. The same principle is exploited by auxiliary 
modules which have become known as flow counter and which are now mar
keted by most manufacturers. These flaw counters likewise transmit a signal only if 
an echo remains in the monitor gate for a preselected number of time periods. 
Compared with the simpler monitor delay the flaw counter has the advantage that it 
can be switched and thus can be used also in multiplex operation (probe switching). 
Both methods, however, can be used only at relatively slow testing speeds because 
at high testing speeds echo signals from genuine flaws will likewise occur only 
briefly and thus are evaluated as "interference". 

A further method which can be applied without limiting the testing speed picks 
up the electrical field of the interference by means of an aerial. The signals are am
plified and then used for suppressing the monitor indication. However, if the signal 
reaches the instrument predominantly via earthing currents this method is not 
fully effective, resulting in the suppressing device still leaving up to 15 % of the in
terference indications which can still be excessive in the case of strong interfer
ence. 

Another method which in practice has proved very successful also works with
out limiting the testing speed and is based on the fact that an echo indication al
ways has a definite, characteristic pulse width. Typical pulse signals from thyristor 
controls are invariably narrower than echo pulses, whereas the interference signals 
from contactors and motors are longer. In this case the pulse width is counted by a 
fast electronic counter which is set between a minimum and a maximum width for 
the echo evaluation. It is also an advantage that the disturbances due to ambient 
noise can also be suppressed by means of this device. 



19 Detection and Classification of Defects 

19.1 Search for Defects, Maximising of Echoes 
and Selection of Probes 

The detection of defects by observing their ultrasonic echoes is usually quite simple 
and rapid. More difficult and much more time-consuming is the classification of 
defects according to their type, shape and size. This is fundamentally due to the ba
sic handicap of ultrasonic testing in having a poor lateral resolution because of the 
relatively long wavelength used. Even when using the most complex imaging meth
ods of Section 13 a precise defect image cannot be expected. Also because these 
methods have to be restricted in practice to relatively simple-shaped specimens, 
other means have to be used in the wider applications to establish a little more 
about a defect than only its geometrical position. 

We can in practice always assume that something is already known about the 
defect since the experience gained from the destructive testing of similar specimens 
need not be ignored. Often it happens that from the defect position alone one can 
conclude with certainty that it is of a certain type. The fact that any defect exists if 
often sufficient cause for rejection, without precise indications about its type and 
size. Thus a clear specification of the testing task can in many cases simplify the 
problem and save the time used unnecessarily in elaborating the character of de
fects. 

With an extended specimen the test is usually carried out in two parts, the first 
being a search for defects and the second the measurement of their position and 
echo amplitude. For the first step, the surface need not be prepared to the best qual
ity, but should be as uniform as possible. The transducer should have a near-field 
length of at least one third of the largest possible defect distance and the gain used 
should be sufficient to bring the base line to "life", i.e. showing small indications of 
the grain structure. The probe should have a soft facing so that with plenty of coup
ling liquid it can be easily moved along the surface without losing contact too of
ten. If it is compatible with other requirements such as the near-field length, the 
probe should have a large angle of divergence thus facilitating the scanning of the 
whole specimen by only a few passes. 

For large specimens transducers of 1 or 2 MHz and diameters of 20 to 30 mm 
are suitable, but for smaller ones higher frequencies and perhaps smaller diameters 
are useful, especially when there is a rather strongly curved surface. Hard-faced 
probes should not be used at this stage but should be reserved for the subsequent 
defect evaluation for both technical and economic reasons. 



19.2 Evaluation of Equivalent Reflectors 313 

The observation of the screen when searching for defects can be carried out by a 
monitor giving acoustic signals, so that the operator can better concentrate on the 
probe guidance and manipulation. 

When using an ample supply of a viscous coupling liquid it can help defect 
searching to tilt the probe a little to survey a larger angle from one point and a soft 
coupling surface is advantageous in this case. For similar techniques with angle 
probes, for example for weld testing, see Section 28. 

For the second stage of the inspection in which flaw evaluation takes place the 
gain should be reduced to bring the echo maxima below the upper edge of the 
screen. Maximising of each echo is then carried out by careful shifting of the probe, 
without losing contact, to adjust an echo to its highest value. To use another probe, 
preferably one with a hard face, can be helpful for this purpose, and in this case the 
chosen near-field length N should not differ too much from the flaw distance. For 
the best application of reference blocks with artificial defects or of the DGS dia
gram the flaw should lie in the distance. range between NI2 and 3 N (see Sec
tion 19.2). 

For using hard-faced probes satisfactorily the surface can be improved locally, 
but it should be flat or of a uniform convex curvature and not too smooth. If never
theless the probe cannot be shifted easily, and the echo amplitude changes too 
much when moving the probe, a soft-faced probe can be used in practice. For angle 
probes this is not a problem because contact is made with an acoustically soft plas
tic wedge. 

The inexperienced operator when beginning to use the technique should take 
the advice of the manufacturer when ordering a set of transducers. Regarding defect 
localizing see also [1392]. 

19.2 Evaluation of Equivalent Reflectors, Reference Defects 
and the DGS Diagram 

The defect echo, even when maximised, cannot be related to the defect size without 
further information about the transducer data and of the gain employed. However, 
it can be compared with a reference echo produced by the same transducer. The 
heights of both echoes could be measured in mm but with modern units fitted with 
calibrated gain controls both echoes separately can be adjusted to the same refer
ence height, by varying the gain. The gain difference in dB is then the basis for in
dicating the "equivalent defect", which is a term used to refer to an imaginary flat 
circular reflector at the same position as the real defect, and producing the same 
echo height. 

As a reference echo we have already proposed the rear echo from a thin plate of 
the same material, and with the same surface quality, as the specimen (Sec
tion 5.1). It is the maximum echo which can be generated in this material with the 
probe concerned. All other echoes obtained with the same probe and material will 
have negative amplification values, such as - 6 dB which means half the height of 
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the reference echo and -40 dB which means 1I100th. This latter ratio would incid
entally be impossible to read from a linear screen in millimetres. 

As well as the equivalent defect mentioned above, many alternative geometrical 
shapes have been proposed but the flat circular disc has, however, the big advantage 
that the reflected echo can easily be calculated, as has been done in Section S.2, 
leading to the general law of the DOS diagram, where its size has a definite rela
tionship with the gain and the distance. 

Here it must be clearly stated that the area of the equivalent reflector which is 
given by the diameter resulting from using the DOS diagram is only in rare cases 
equal to the actual area of the real defect. This could happen in the case of a plane 
break or separation, struck by the beam perpendicularly to give a coaxial specular 
reflection. Such a type can occur in steel forgings as so-called flakes for which, even 
if they deviate to a certain extent from the circular shape, the area would be evalu
ated quite precisely. Usually, however, the real area of a defect can only be greater 
than that of the equivalent reflector. In other words a circular flat reflector will gen
erate the maximum echo from the smallest area. A natural defect is always some
what larger, at best equal, but never smaller than the equivalent flat circular disc. 

Instead of using the DOS diagram, the older way is often preferred, of produ
cing a set of test blocks with flat bottom holes of various diameters and with gradu-
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Fig. 19.1. Special DGS scales (design Krautkriimer). a For a normal probe of 2 MHz and 
10 mm diameter, giving the equivalent reflector diameter over the distance; b for an angle 
probe of 4 MHz and 10 mm crystal and angle of 70°, giving the recording limit over the pro
jected distance (Section 28.1.3) 
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ated distances from the contact surface. To compare the echo height of a real defect 
after it has been detected the appropriate distance set has first to be chosen, from 
which that test block giving nearly the same echo height is selected. If necessary a 
certain interpolation has to be done between hole sizes. Finally the flat bottom 
hole in the selected block is found to be the equivalent reflector. The same hole 
size would of course be found when using the DGS diagram. These test-blocks sets 
are quite expensive and often are troublesome to use especially on site. In addition 
they are only useful for limited ranges of distance and diameter, causing consider
able errors when the result must be extrapolated by guesswork. 

With certain test-block sets, for example those standardized in the USA (Chap
ter 34), the width of the longer cylinders is not sufficient when probes with a large 
angle of divergence are used (see Section 16.1). A valid test block for a flaw dis
tance of SOO mm, which is not unusual, cannot be manufactured at all with a width 
which can be utilized or afforded in practice. The DGS method therefore seems 
more advantageous. The general DGS diagram which uses the normalized values of 
distance, gain and size and is valid for all probes and frequencies, may be some
what cumbersome in use, because the absolute values involved always have to be 
individually calculated. However, there are now pocket computers available which 
even consider the attenuation of the material in their programme [l13S]. As an alt
ernative individual DGS diagrams, calculated for each probe, are available and can 
be delivered with them when ordered. 

It would be of general advantage for the progress of ultrasonic testing if all manu
facturers would deliver their probes along with data sheets which include the ap
propriate DGS diagram. 

Figure 19.1 shows two of such special diagrams to be set in front of the screen 
instead ofthe usual scale [319, 1327, 1733]. For the scale of Fig. 19.1a the reference 
echo is the rear echo of a plate, which has to be brought to the height of the curves 
RE 1 or RE 2. Then the gain has to be increased by 16 dB or 8 dB respectively. 

The scale of Fig. 19.1 b serves for weld testing. The reference block is shown in 
Fig.10.S2, where the echo of the 2S-mm radius circular face has to be used. This 
echo has to be adjusted into the circle R 2. The corresponding table gives the in
creased gain needed to have the echo of a 2-mm (for example) circular reflector to 
just reach the recording limits I or II, that is + 24 or + 36 dB. In weld-testing prac
tice the final equivalent flaw is no longer indicated, but only the number of dB by 
which the echo exceeds the record limit (see Section 28.1.4 and [172, 72S, 1087, 
124S, 1262, 1428]). 

The result of an equivalent defect size determination by the DGS method can 
sometimes give an inaccurate answer if very short pulses (e.g. using shock waves 
from highly damped probes) have been used. The phase of the reflected wave is af
fected much more by the small reflector than by the reference plate. By observing 
the HF presentation on the screen (Fig.10.16a) one sees that the amplitude of the 
highest positive cycle is reduced in favor of the corresponding negative one, or vice 
versa, but this doesn't happen in the echo from the reference plate. This effect in
fluences the measurement of echo amplitude when it is made after rectification but 
if one measures the peak-to-peak distance in the HF presentation the DGS results 
obtained are then precise and reproducible (Wiese [1623]). 
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It is in practice not possible to manage with only the test blocks already men
tioned, i.e. the DGS standardization plate and the two test blocks for angle probes 
(Figs. 10.51 and 10.52). This is especially true in the case of specimens where the 
propagation of the sound is affected by side walls since in this case the laws on 
which the DGS diagram is based are no longer valid. Examples are tubes and 
plates, where the waves propagate in zigzag paths and defects in the shape of 
corner reflectors such as surface cracks. In these cases test blocks with artificial de
fects such as slots, grooves or cylindrical bore holes can be used within certain li
mits. Often the test block is made to have a shape similar to the test specimen it
self. 

However, it should be stressed that this type of test block never fulfils the main 
purpose of the DGS diagram nor of the standard flat bottom-hole test blocks. From 
these one obtains the so-called equivalent flaw of the first kind; that is one which 
has the same size for all different frequencies, probe diameters and flaw distances. 
This "flaw of the first kind", equivalent to a given natural flaw, should be equal for 
all flaw detectors, operators and test conditions such as probe type and fre
quency. 

However, a slot machined for example in a tube can give only an "equivalent 
flaw of the second kind", i.e. it is only valid for exactly the same test conditions 
concerning the type of flaw detector, probe, frequency and distance. It can in fact 
serve reliably only to check the consistency of the apparatus. Within a testing 
standard such test blocks should only be specified if at the same time the test con
ditions are also exactly specified, which in many cases will bring practical prob
lems. 

In the past much time has been wasted in carrying out investigations on and with test 
blocks, although it was well known that the dimensions of an equivalent artificial defect are 
only rarely closely related to the actual size of a real defect. Artificial reflectors have often 
been given a shape "similar" to the natural defect; for example a bore hole has been used to 
simulate a slag line in a weld, or a slot in a tube to simulate a crack. The error in these cases is 
based on the fact that they are too regular, the sound being reflected specularly, which is not 
the case with natural defects. 

If the single Huygens' wavelets from a specular-reflecting artifical defect which lie in a 
plane perpendicular to the beam are added up, the phases are almost equal resulting in a large 
total amplitude. With a natural reflector a distance difference of only a quarter wavelength 
suffices for the cancellation of one wavelet by the next. Therefore a natural slag line will 
hardly ever give an echo comparable to that from a borehole, the supposed "similarity" being 
actually misleading. Unfortunately test reflectors of complete irregularity cannot be repro
duced for standardizing. 

It makes very little difference in practice if, for example in tubes, slots or boreholes are 
used as reference defects. They are all equivalent defects of the second kind, and are only 
valid when used with consistent instrumental conditions. It is in fact easier to specify the echo 
from a real defect by measuring its difference in dB from the echo of an artificial reflector 
which can be easily manufactured in a reproducible way. A saw cut, completely through a 
tube wall, is just as valid a standardization feature as a shallow slot which sets out to simulate 
a real crack. The relationship of this relative measurement to the actual size of a defect (crack
depth for example) has in all cases to be established by the destructive investigation 
of a number of similar defects. 

The difficulties in using artificial reflectors will be explained in more detail using as an 
example the popular rectangular groove or slot (see [394, S 135]). According to Section 2.8 the 
corner reflection of transverse waves is useful only in the range of incident angles between 35° 
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and 55°. At both ends of this limited range the directivity is distorted and causes big differ
ences if a real crack not exactly perpendicular to the surface is compared with a slot which is 
exactly perpendicular. 

In addition, if we consider the length of both slot and flaw along the surface, an elongated 
slot obeys a different distance law than does a short crack which is fully covered by the beam 
cross-section. Also on the smooth walls of a machined slot surface-waves are produced by 
mode changing and these distort the echo patterns, whereas on the rougher walls of a real 
crack they have much less influence, especially if the depth of the crack is not uniform over 
its length. For all these reasons the use of a calibration echo from a slot to measure crack 
depths gives very unreliable results, especially if the crack depth is less than one wavelength, 
so that assessing the depth of a real crack by this method is very unsatisfactory. The calibra
tion curve cannot be used for a different beam angle, or for another slot width, or another fre
quency. If such a procedure is nevertheless necessary the slot cut into a plate or tube should 
be made by a small circular saw, to give a slot of short length and a depth varying from zero to 
a maximum thus having approximately the same distance law as a real crack. 

It has also been proposed to attach reference reflectors directly to the specimen under test 
without permanent mechanical changes (Figs. 19.2 and 19.3). They have, however, not found 
great interest or much practical use being considered too complicated in operation. 

For inspection tasks in which a particular probe is specified it is convenient to 
use the related DGS diagram, either in printed form or on transparent scale 
mounted in front of the CR screen. It is then usual to have certain equivalent de
fects specified, a lower one usually called the recording limit and the upper one 
called the rejection limit. Two lines corresponding to these limits can then be 
drawn onto the diagram so that indications below the recording limit can be neg
lected, echoes between the lines can be recorded for further investigation and those 
defects with echoes surpassing the rejection limit can definitely be rejected without 
further consideration. 

If the DGS method is not used it is of assistance to have the depth dependence 
of the echo compensated by an amplifier with automatic depth compensation 
(DAC) which shows the echoes from equal defects with equal amplitudes at all dis
tances (see Section 10.3.4). 

In simpler flaw detectors not having such electronic compensation the distance 
law should be determined by measuring the amplitudes of echoes from a specific 
type of reference reflector, at different depths, and drawing this curve onto the CR 

Fig. 19.2. Small reference reflector housed within a liquid-filled container and placed in con
tact with the back wall of a specimen 

Fig. 19.3. Test piece with flat reflecting surface for use with transverse waves in plates, at
tached to the specimen using liquid contact 
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scale. In this case the form chosen for the reference reflector is important, because 
most natural defects follow the law relevant to small circular reflectors (as repre
sented by flat bottom holes) and not to the law relevant to transverse cylinders as 
represented by boreholes lying perpendicular to the beam. This latter type of test 
block will give erroneous results, because a natural-defect echo when equalling the 
echo from a transverse borehole at a certain distance, will be only 50 % of the same 
borehole echo when both are lying at four times the distance. If for simplicity it is 
convenient to use transverse borehole test blocks one should correct their echo am
plitudes with the help of Eq. 5.8 (Section 5.2). 

In practice in spite of all the problems inherent in using artificial defects, evalu
ation work is carried out using many different types of reference blocks and this 
leads one to conclude that defect sizing need not be carried out too pedantically, at 
least within depth ranges not much larger than three times the near-field length of 
the probe used. A dispute about differences of a few dB in echo amplitudes is point
less having regard to the considerable uncertainties in the relationship between 
echo amplitudes received from artifical and natural defects respectively. 

In some cases the attenuation of the material should be taken into account when 
testing thick specimens or if materials of specially high attenuation are involved. 
The attenuation coefficient (usually measured in dB per m) for the material is 
usually known or if not it should be measured (Chapter 33). Its value multiplied by 
twice the distance gives the dB correction by which the gain figure appropriate to 
the echo has to be increased. To make this correction still simpler DOS diagrams 
are available with correction curves for ~everal discrete values of the attenuation. 
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Curved test sur/aces distort the sound field of the probe and are therefore not al
ways suitable for using either the DOS method or flat bottom reference holes with
out correction. As a convenient rule of thumb it may be mentioned that in practice 
no special correction is needed provided a probe of less than 24 mm diameter is 
used to test a cylindrical specimen of 300 mm diameter from its curved surfaces. 
The corresponding figure for a cylinder of 50 mm diameter is a probe of not more 
than 10 mm across, the rule being that the probe diameter must be smaller than the 
square root of the double diameter. In addition soft-faced probes with plenty of 
coupling liquid should be used. 

Figure 19.4 shows the so-called information field based on the standard DOS 
diagram and taking into account all the factors limiting inspection performance. 
On the left the useful range is limited by the dead-zone caused by the transients 
following the main pulse. At medium distances the useful range is first limited for 
small defects by the grain noise, and later by the attenuation. Each diagram is 
therefore only valid for a particular probe and test material. 

Another very informative diagram is the Sonogram (as shown in Figs. 10.32, 
10.39 and 10.40) which illustrates a simplified echo field including the practicalli
mits applying to each probe, if used on steel with practically no attenuation. 

The fact that in recent times many ultrasonic testing standards refer to quantita
tive measurement methods instead of to just a qualitative defect indication as in 
former times, is an encouraging sign of progress (see Chapter 34). If, however, these 
documents specify exactly certain probe dimensions, ultrasonic frequency or other 
data to be used exclusively, this seems definitely to be the wrong way. See further 
[1426, 1732, 1712, 1346, 1695, 1724, 1556, 137]. 

19.3 Dimensions of Large Flaws, Scanning 
and Echo Dynamics, Incipient Cracks 

Up to now we have mostly assumed the case of small flaws which are fully covered 
by the beam cross-section, and where the echo amplitude was measured with a sta
tionary probe. To trace the edges of large defects the probe has to be moved, if pos
sible without losing contact, which requires a rather smooth and uniform surface 
and some operator skill, or even better mechanical guidance for the probe. To im-

,," 

Fig. 19.5. Large flaw normal to the beam axis 
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prove the constancy of coupling, intermediate layers of plastic have been proposed 
but at least the coupling surface of the probe should not be hard faced. 

The method of assessing the defect from the variations of its echo when scan
ning the surface with the probe is called echo dynamics. It is demonstrated by 
Fig. 19.5 using a very simple and rare case; a large crack in an axle lying perpendi
cular to the axis. As long as the side wall does not interfere, the outline dimensions 
of the flaw can be drawn onto the scanning surface since when the axis of the beam 
strikes the edge of the crack the echo received drops to half its base height. Follow
ing this half-value line traces the contour of the flaw and the system is called the 
half-value or 6-dB drop method. It is applied also with obliquely incident transverse 
waves to scan a weld in its longitudinal direction to measure, for example, a slag 
line, which is longer than the beam cross-section. 

If the shape of the specimen allows a back-wall echo to be received this can be 
used instead of the flaw echo by watching its decrease from maximum to half-value 
when the probe scans the surface. With through-transmission using two separate 
probes guided mechanically we have the oldest application of ultrasonic testing 
[1534]. 

Figure 19.6 shows schematically the variation of the echoes and the influence of 
the directivity of the probe. These curves are the basis for the evaluation of the re
flector. They are called envelope cumes and for more precise assessment should be re
corded by an appropriate installation with mechanical scanning. Figure 19.7 shows 
how such recording can be carried out with a digital display flaw detector, where 
three boreholes perpendicular to the beam have been scanned by hand. Fi
gure 28.15 also shows an example of an envelope curve obtained by scanning a 
weld perpendicularily to its direction and recorded by a long-time photographic ex
posure. 

The conditions illustrated in Fig. 19.6 for obtaining an envelope curve occur in 
practice quite rarely. In most cases the reflection obtained consists of waves of dif-
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Fig. 19.8. Measuring size and angular position of a flat defect from the edge-wave transit 
times, when scanned with a sharp beam. a With longitudinal waves; b with transverse waves 

o 

a c 

Fig. 19.9. Schematic envelope curves received from different natural reflectors as indicated 
above. a Rounded reflector such as a pore; b specularly reflecting reflector equal to the beam 
diameter; c as in b but with larger size of the reflector; d oblique reflector with sharp edges as 
in Fig. 19.8, but at high amplification compared to a, b, and c 

ferent character; the specularly reflected ones (as exclusively assumed in Fig. 19.6), 
the scattered reflections from a rough surface and the edge waves from sharp edges. 
The latter type merges with the main reflection when the reflector is perpendicular 
to the beam, but can be distinguished as in Fig. 19 .8 a, if the flaw lies obliquely. 

Figure 19.9 shows the influence of size and shape characteristics of a reflector 
on the shape of the envelope curve. 
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The above-mentioned half-value or 6-dB-drop method often cannot be applied 
to a natural reflector, because it is not known from which value the 6-dB-drop has 
to be calculated. The same is of course true of the 20-dB-drop method. For this rea
son an absolute value of the threshold is often used instead. When scanning, one 
observes the probe positions where the first indications of the reflector appear just 
above the noise by choosing high gain, at which setting, the main-echo is, of 
course, highly over-amplified. With this method as in Fig. 19.9 the overall width s 
of the envelope curve is measured and is called the "recording length" of the defect, 
especially for weld testing (Section 28.1.4). The actual length of the defect is of 
course smaller because of the directivity of the probe. In Fig. 19.9 a this length s has 
no connection with the actual defect width of for example a small sphere or a nar
row cylinder but only represents the beam diameter at the distance of the defect. If 
the diameter is known, one can use it to correct the results in cases band c, but this 
procedure is not of much practical value since the return reflection is also affected 
by the directivity of the defect, which is not usually known in practice. Therefore 
the envelope curve or evaluated length of a strongly facetted defect can appear 
much longer than it actually is, since it also reflects the weaker oblique radiation 
from the probe. The overall case seems quite complicated to calculate and in practi
cal work, especially with weld testing, one does without these corrections using the 
recording length as a base for fixing the recording and rejection limits agreed upon 
in advance (Section 28.1.4). 

Figure 19.10 shows the relationship between the half-value width of a reflector 
and its actual width. It is possible to recognize the difficulty when measuring de
fects narrower than the diameter of the probe. With regards to the distance of nar
row defects it is also possible to see that at short distances (measured in relation to 
the near-field length), as well as with large ones, there is no possibility of reliably 
correlating the half-value width to the actual one. Even at the most favorable dis-
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tance, the near-field length, only defects of at least one probe diameter can be mea
sured correctly. 

The two maxima in Fig. 19.9d are caused by the edge waves, which can be dis
tinguished from the specular reflection only if the reflector has an oblique position, 
as in Fig. 19 .8, and has sharp edges. They have an appreciable amplitude only if the 
defect edge lies linear and perpendicular to the beam axis. From the lateral separa
tion of the echoes on the screen and the displacement of the probe during scanning, 
one can also obtain the angular plane of the defect. For such measurements the 
beam should be well focussed at the distance of the defect, especially by using high 
frequencies. In practice therefore this can be carried out only for distances in steel 
up to about 200 rom, for which range probes of not too large a diameter and fre
quency are available. At larger distances any scanning of a defect for measuring its 
size is useless. 

At the high gains needed for detection of the edge-wave echoes the noise, or grass, on the 
screen often make the methods of Fig. 19.8 difficult to apply. The echo of the far edge can be 
very weak, especially if the face of the defect is illuminated at a very flat angle. The reasons 
may be the reflector-directivity of the defect and the phase reversal which causes the inci
dent wave to appear to "shy away" from the surface as in Fig. 16.2. This applies to both the 
longitudinal wave and to the transverse wave with polarization perpendicular to the edge of 
the defect, but not to the other (SH) transverse wave. 

If the envelope curve of Fig. 19.9d displays several regularly spaced maxima, 
they can arise from the interference of two waves coming from two distinct centers, 
as for example two pores, or of the two edge waves from one flat reflector [1615]. 
This can only happen if the probe during scanning is always able to receive boUt 
waves by having a large directivity angle. One can calculate the separation of the two' 
wave origins from the separation of two of the maxima and this gives the diameter 
of a flat defect, a method which in practice had some success in measuring defect 
sizes. 

A shallow incipient crack is difficult to evaluate with any of the above-men
tioned methods and this defect type will therefore be treated in more detail. In spite 
of the problems of using saw cuts as reference reflectors for echo amplitude mea
surements they are nevertheless often used in practice as models for measuring the 
depth of shallow open surface cracks. If the length of the crack tip lies parallel to 
the surface and is sufficiently long the method of Fig. 19.1la can be used success
fully since a well focussed beam incident from the opposite surface generates an 
edge-wave echo. Working from the cracked surface the method using two angle 
probes as in Fig. 19.11 b is successful with separate transmitter and receiver probes. 
Longitudinal waves have proved to be superior for this application because they ar-
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Fig. 19.11. Measurement of crack tips by edge waves 
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1 

a .-db 
Fig. 19.12. Measurement of crack depths by satellite echoes generated by mode changing at 
an edge (Rayleigh wave R) 

rive at the receiver before any interfering waves. The method of Fig. 19 .12, however, 
uses transverse waves, which by mode changing generate a Rayleigh wave at the 
crack tip and which can, on a rather smooth crack surface, run down the crack and 
back, being retransformed into a transverse wave with an echo arriving somewhat 
later than the direct echo from the tip. From this delay (.1.1) the crack depth can be 
calculated and such echoes have been given the name satellite echoes. 

The above-mentioned methods however, are not always successful for all types 
of natural crack. Fatigue cracks are more favorable because they usually have a 
smooth surface from the prolonged affect of repeated stress cycles and they also 
usually have a well defined tip edge. Corrosion cracks are on the other hand often 
more ramified and angulated, and don't have tips lying parallel to the surface. The 
multi-frequency method of Section 19.4 seems to be more effective in this case 
[1152]. For closed cracks see [S 36]. 

If a smooth-edged crack has a tip not lying parallel to the surface, illumination 
by oblique transverse waves in a direction perpendicular to the tip line can be suc
cessful [973]. Cracks with faces pressed together by high internal or external 
stresses, or those filled with liquid, may not give an indication since they are par
tially transparent and heating of the specimen can sometimes help. 

For literature on crack measuring see [578, 579, 230, 200, 1139, 1422, 192, 
1651, S 101, S 52, S 39, S 19, S 30, S 184], especially for the edge-wave method see 
[750,218, 1418, 1551, 1587,650, 1656,291, 1632, S 66, S 103, S 130, S 150]; for the 
holographic method see [1653]; and for SH-wave methods see [292]. 

More elaborate methods based on the scanning system have been reported in 
Chapter 13 and in particular the ALOK method should be mentioned (Sec
tion 13.12.1; Figs. 13.6 and 13.7). Using one or more probes at each point of 
the scanning line the transit-time/position curves of the reflector echo are re
corded so that after using electronic interference suppression methods a B-scan 
image of the reflector in the plane of incidence is obtained. Wide-angled beams are 
preferred for this method and have proved successful with natural but not too com
plicated defects. 

The Il (Delta) method of Fig. 17.15, see [268], also makes use of the edge 
waves. Because they have a wide-angle directivity around the crack edge, the axis of 
the receiver at the position of maximum echo will always be directed towards the 
edge. The best technique is to use separated transmitter (as illuminator) and re-
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ceiver probes, the receiver being sensitive to longitudinal waves because normally 
scanning is carried out via a liquid layer or by full immersion techniques. The flaw 
can be illuminated by either longitudinal or transverse waves by way of mode con
version at the liquid interface. 

This technique has more recently become known under a new name as the 
TOFD-method (time of flight-diffraction) and is now commonly applied with com
puter assistance for thick weld testing. It sometimes uses several pairs of transmitter 
and receiver probes specially designed for their different tasks. Weld testing is a 
very successful application for such methods because of the relatively short dis
tance from the receiver to the defect, allowing the use of focussed beams from 
probes of a handy size. See [1414, 1415, 1512,285, 726, 727, 1070, S 58, S 157, S 7, 
S 37]. 

Up to now we have been dealing with methods intended for the evaluation of 
defect size. However, quite often the size is less interesting than the defect type and 
its shape, especially for being able to differentiate between planar and globular de
fects. For castings as well as for welds these shapes can indicate the difference be
tween more dangerous cracks and less important inclusions. Each type of defect dif
fers in regard to its reflecting directivity, as explained in Figs. 19.13 and 19.14. The 
envelope curve obtained by circular scanning of a flat specularly reflecting defect, 
or even of a linear reflector, is sharper than that from a rounded reflector. It must 
be admitted that in practice the difference is often not very clear. Many attempts 

a b 

Fig. 19.13. Change of echo height and echo shape when the direction of irradiation is 
changed. a On flat or linear flaw; b on rounded flaw 
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tion. a On cylindrical specimens with central 
defect; b on a welded seam 
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have been made to recognize the differences automatically to allow discrimination 
between the various flaws. 

Certain features of the echo and its envelope curve have been used; for example 
the rise and fall time of the echo, its width near the base line, the width of the enve
lope curve, or its plateau length [1297, S 164]. Simple pattern recognition methods 
have not been successful, apparently because of the complex variations in the echo 
shape. More successful are mechanized scanning methods using intelligent compu
ters, the so-called learning computers and expert systems. In their memories are 
stored many basic geometric features of the echo together with an interpretation 
system using rules derived from practical testing experience [1292, 1298, S 164, 
S 45]. Frequency analysis of the echo also seems to be very promising, see Sec
tion 19.4 and [S 38]. For advanced pattern-recognition methods for weld defects see 
[S 156, S 26]. 

A direct imaging method would of course give the size and shape of a reflector 
and the most promising method in this direction is linear holography which with its 
good lateral resolution is well suited for measuring the width of a reflector (Sec
tion 13.14, [513, 516]). 

For using such methods fast computers are indispensable so they may be used 
simultaneously to control phased arrays thus avoiding mechanical scanning. In 
some cases, for example nuclear reactor pressure-vessel testing, it is justified to 
make use of such an installation, although its weight (several 100 kg) and size will 
be a big disadvantage for more general ultrasonic testing. 

For the problem of defect sizing see older papers [1028, 1335, 1525, 1524, 1618, 
416, 494, 588, 670, 1659] and more recent ones [1635, 1338, 1695, 1752, 335, 1033, 
S 181, S 90, S 68, S 47, S 177, S 149, S 45, S 43, S 14, S 155] and the bibliography to 
the problem compiled by the BAM and DOZtP [S 188]. 

19.4 The Multiple-Frequency Method, 
Echo Phase and Spectroscopy 

In Section 5.4 it has already been mentioned that by using the DOS method at two 
or more frequencies one can deduce something more about a defect. A flat reflector 
which is not inclined very much to the beam axis, is measured as being closer to its 
actual size (Le. larger) by the DOS method using a low frequency than when using 
a higher frequency, whereas with globular reflectors the difference is less pro
nounced. If one combines this principle with the half-value width method and cir
cular scanning to obtain an evelope as in Figs. 19.13 and 19.14, one arrives at the 
defect-classification system of Crostack [276] illustrated in Fig. 19.15. 

This system produced satisfactory results with defects in castings. The amount 
of time needed can be reduced if special flaw detectors are used, allowing fre
quency change without probe change. For this purpose the pulse transmitter must 
be excited at well defined frequencies and using a probe of sufficiently large band 
width as in the controlled signal (CS) technique. The reference echo needed for the 
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Fig. 19.15. Defect evaluation according to the frequency, circular scanning and half-value 
method 

DOS method (the plate echo) has however to be measured separately for each fre
quency used. 

From the procedure of Fig. 19.15 a new concept can be considered resulting in 
the definition of a transition frequency. A very small defect of any shape, which is il
luminated by a sound beam with a wavelength several times larger than the defect, 
gives a scattered echo more or less independent of its special shape. The corre
sponding frequency range is called the scatter region. As the defect size increases 
(or the wavelength decreases) we arrive at a region where its size is comparable with 
the wavelength and can reflect the beam specularly if it has a flat shape. In the scat
ter range the echo amplitude normally increases as the wavelength decreases but at 
a certain point when examining flat defects it can begin to decrease. The transition 
frequency at which the echo begins to fall again has been measured for small corro-
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sion cracks as approximately corresponding to a wavelength of twice the size of the 
crack. This transition frequency could also have some importance in the choice of 
the best probe for testing materials such as austenite which have heavy scattering 
characteristics. 

Another possibility for the evaluation of defect types can be found in observing 
the echo phase when it is displayed in its unrectified HF form on the screen. A 
pulse which has been specularly reflected at a free boundary has the phase opposite 
to the transmitter pulse, usually starting with a negative oscillation. On the other 
hand the echo from a liquid/solid boundary undergoes no phase shift so that it 
starts with a positive oscillation, cf. also [S 32]. 

This fact can be made use of when testing bonded joints since the bond line be
tween a plastic layer bonded onto a material of higher impedance will give an echo 
without a phase shift whereas if it is badly bonded with an air filled interface it will 
show the usual phase change. This rule will be modified in the practical case of a 
metal/plastic bond according to whether the test is carried out from the metal or 
the plastic side of the bond. 

It should also be noted that the geometrical echo from a right-angled corner 
(Fig. 2.26) in a solid body shows no effective phase shift because of the double ref
lection. According to [1552] the edge-wave echo from the upper edge of an oblique 
crack, as in Fig. 19.8, has the negative phase compared with a surface echo, whereas 
the echo of the lower edge has the opposite one, by which it can be distinguished 
from the echo of a defect. By using the Cepstrum-algorithm for signal-processing 
the phase of the signal can be recognized more clearly even with high noise levels 
[S 131]. 

The use of ultrasonic spectroscopy involves the investigation of an echo to de
termine its frequency content. This can be done by a frequency analyser used as 
auxiliary equipment to give an amplitude-frequency curve for the echo. This can be 
compared with the corresponding curve of the original transmitted pulse, as for ex
ample that reflected by a flat back surface. If the material concerned has no attenu
ation the back-wall echo is identical with the transmitted pulse but the reflection at 
a defect acts as a frequency filter in the overall system: transmitter-probe-coupling
specimen-defect-coupling-probe-amplifier, [1658]. The wider the frequency band of 
the transmitter, that is the shorter the transmitter pulse, the better information con
cerning the defect can be expected from an analysis of the echo frequency spec
trum. Broadband probes are therefore indispensible [931, S 10]. 

Example. If the frequency curve of the echo shows several maxima which are not 
present in the reference curve, one can conclude that they are the result of interfer
ence. Thus the defect either consists of two separate reflectors, as for example two 
pores, or it could be a smooth-faced separation at which Rayleigh waves are gen
erated, subsequently to excite edge waves which will interfere constructively or de
structively depending on the frequency. Such recognizable cases may of course be 
rare in practice. However, in the field of bond testing spectroscopy has proved suc
cessful (Chapter 29). A pulse of moderate length changes its frequency spectrum by 
the effect of multiple reflections within the bonding layer between two materials, 
depending on the quality of bond at both interfaces. Within the range from a com-
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plete disbond to a well bonded joint the method is often the only reliable one for 
distinguishing a poor quality bond from good bonding. Some straightforward appli
cations of spectroscopy can incidentally be carried out without a frequency ana
lyzer simply by using an old-fashioned resonance thickness meter (Sec
tion 11.3.1). 

In the present connection other properties and features of the echo have been 
considered in the evaluation of a defect, for example to distinguish a flat from a 
rounded reflector [1292, 1298]. Apparently the method of Seiger and Wagner [1397] 
is also successful, though purely empirical. A broadband angle probe is used to 
scan the specimen containing a defect in small steps. At each scanning point the re
ceived echo is frequency analyzed. The measured spectra are divided into five 
equal ranges, for example for a 2-MHz probe into five bands of 0.3-MHz width 
from 0.7 up to 2.2 MHz. The maximum amplitude occurring in each band is noted 
and the resulting 5N values (where N is the number of scanning steps) are pro
cessed by an empirical algorithm resulting in a final value which gives an indica
tion of the flaw type, flat or rounded. The method was astonishingly successful 
when used to evaluate a series of natural and artificial defects in welds. 

To each frequency spectrum there also belongs a phase spectrum, and this has 
also been used for defect evaluation [1022]. 

For more literature concerning multiple frequency methods see [270, 276, S 40], 
and for spectroscopic methods [521, 671, 931, 1212, 1410, 185, 382,293,1296,903, 
1347, 338, 1397, 200, 1068, 1613, 148, 1098, 649, 1483, 1298, 1292, S 155, S 159, 
S 121, S 154, S 61, S 134]. 



20 Organization of Testing; 
Staff and Training Problems 

Where the same testing problems for identical or very similar specimens occur fre
quently, it is recommended that the head of the testing department works out a test 
specification so that the tests can be carried out by a trained examiner. From ser
vice experience and information gained from destructive tests, the nature, size and 
position of flaws will be generally known, so that non-destructive tests can then 
concentrate on these. The specification should include: designation of the speci
men with a sketch, instructions on whether and where the surface should be pre
pared, type of couplant, setting of instrument and choice of probe for each testing 
procedure, together with indication of scanning patterns for suspected flaw posi
tions as well as reference to possible echoes which could be confused with flaw 
echoes. In the case of mass tests, the examiner can, as a rule, be relieved of the ne
cessity of preparing individual reports since on the evidence of the flaw echoes he 
can quickly make his own decision whether a given specimen should be rejected or 
not. In the case of more costly test pieces a preliminary sorting out of doubtful 
specimens is advisable after which these can then be submitted to the more experi
enced head of the testing department for final decision. 

For a number of general testing problems, such as the testing of plates, pipes 
and welded joints, test specifications are now available whose validity is generally 
recognized (cf. Chapter 34). The purchaser of products can refer to them if, in the 
contract with the manufacturer, he has agreed on a test by ultrasonics. They de
scribe in more or less detailed form the test procedure which in particular specifies 
how the equipment should be adjusted. When testing large quantities of similar test 
pieces, it is necessary to check at regular intervals the chosen adjustment of the 
equipment. Previously this was done by means of a test block with properties simi
lar to that of the test piece. In order to obtain definable flaw sizes and flaw shapes 
for monitoring the adjustment, the test block contained artificial flaws which in re
spect of size, shape, position and orientation were supposed to show some similar
ity to the flaws sought. 

Today the sensitivity adjustment is usually referred to a standardized test block 
(cf. Section 10.2.4), the sensitivity adjustment required for the test generally being 
expressed by decibel values above or below the standard test-block setting. 

If evaluation of the specimen is not possible on the basis of the ultrasonic indi
cation alone or if such experience is as yet insufficient, additional non-destructive 
tests can be applied, for example local tests with X-rays or gamma rays. The ultra
sonic test then plays the role of a rapid and inexpensive preliminary test. With grea
ter experience, the ultrasonic test can then frequently become the only test applied, 
for example on welded seams. 
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Expensive batch-produced specimens, as well as individual cases, are usually 
tested according to a written specification. The results are compiled using suitable 
forms to minimise labor, and using abbreviations and symbols to report the ultra
sonic observations as completely as possible. At this stage one does not speak as yet 
of defects or defect echoes, but only of indications or echoes to avoid any pred
judgement of the specimen. The task of the operator is restricted to assemble as 
many facts about the test as possible, such as the observed variation of echoes dur
ing scanning and when using different sound-beam directions. The responsible ma
nager of the test department has to evaluate from these observations the type and 
size of the corresponding reflectors, although he cannot always decide to accept or 
reject the specimen without consultation with a design engineer who knows the 
working stresses for the piece. 

Level 
test engineer 

Examinations 

Practical 
exercises 

Courses 

Level I 
test operator 
Examinations 

Practical 
exercises 

Courses 

'----,,---' 

Fig.20.t. Training program of the DGZfP (according to Egelkraut [1713]) 

Practical work 



332 20 Organization of Testing 

For planning test programmes for complex pieces which may not be accessible 
from all sides, full drawings will be required so that the correct probes can be 
chosen, and echoes predicted arising from the form of the specimen, such as those 
arising from boreholes, edges and remote faces. The drawing, however, may not in 
all cases correspond exactly to the actual geometrical state of the piece so that any 
unexpected echoes arising will have to be checked carefully since they may never
theless be produced by the specimen's shape. Common examples are echoes arising 
from machining errors which have been disguised or filled. Often also the regular 
appearance of echoes, or their symmetry when scanned from different positions, 
make it probable that they are geometrical in origin and not produced by real de
fects. 

Routine tests using only normal (0°) probes, for example on plate or bar mate
rial, demand the least experience. Often a training period of a few hours is suffi
cient if the examiner has good powers of comprehension and a certain dexterity in 
manipulating the probe without excessive wear and tear so that high-school educa
tion is unnecessary. When working with transverse, or surface waves, for the testing 
of complex specimens, such as shafts, pipes and especially welded seams, more ex
perience is required. The study of a manual of testing methods, a training course, 
or an apprenticeship with an experienced examiner is desirable. In addition, a cer
tain amount of technical training with a knowledge of elementary mathematics and 
a good capacity for visualizing objects in space is needed. Before being promoted to 
the position of unassisted examiner of welded seams and expensive test pieces, the 
acquisition of a thorough knowledge of the relevant materials and production meth
ods is indispensable. Qualities of character such as diligence and thoroughness are 
necessary to an even greater extent than for other non-destructive testing methods. 
Independent application of ultrasonic methods for many different and newly deve
loped tests presupposes at least the study of much physics and mathematics and in 
addition long practical experience. 

The knowledge required for the various testing techniques can be acquired in 
Germany in a course of the Deutsche Gesellschaft flir zerstorungsfreie Priifverfah
ren e.V. (DGZfP). Similar courses are also available in other countries for instance 
in Great Britain at the School of Applied Non-destructive Testing (SANDT) and in 
Japan at the Nondestructive Inspection Society of Japan. In addition a large num
ber of courses and seminars are organized by manufacturers, users, and other inde
pendent organisations, both at home and abroad. 

The chairman of the committee for training and professional matters in the 
German DGZfP has since 1970 systematized the courses for training in the main 
NDT methods, i.e. ultrasonics (U), radiography (R), magnetic particles (M), eddy
currents (W), liquid penetrants (E). The qualification levels for all sections have 
been fixed uniformly. Figure 20.1 shows the different training programs according 
to Egelkraut of the DGZfP. 

Figure 20.2 shows the sequence of courses, examinations and practical stages 
within a given training program, the courses mentioned to the right hand of the dot
ted line being offered by the society. The stages on the left can also be carried out 
at certain authorized institutes or by manufacturers of equipment. Extended train
ing college courses also allow the promotion of a level-II test operator to a Test 
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Fig. 20.2. Training performance required for each 
test method by the DGZfP (according to Egel
kraut) 

Engineer (Z). However, for this step knowledge of several complementary test meth
ods has to be obtained. (See also the qualifications specification of the DGZfP, 
[1713] and [369, 370, S 189]). 

Equivalent organisations in other countries (see Chapter 34) have also produced 
specifications and/or recommendations for the training of NDT operators. In the 
USA (ASNT-Spec SNT-TC-IA); in Austria (OGfZP Standard); in Switzerland 
(SGZP Standard); in France (Cofrend Standard); in Denmark (officially acknowl
edged rules of Nordtest Corp.); in the Netherlands (Skndo Specification); in Great 
Britain, (Specs. of CSWIP and PCN); and in the Council for Mutual Economic As
siotance (Government specifications). Full harmonization between the various offi
cial requirements has only been fully achieved between the specifications of Ger
many, Austria and Switzerland up to level III. Work is currently going on for 
worldwide harmonization of national specifications under the auspices of ICNDT, 
(International Committee for Non-destructive Testing). 

The U.S.A. specification also comprises three levels (I to III), which do not, 
however, correspond exactly to the German grades. At present therefore full auto
matic transfer from one to the other is still not possible. 



21 Testing Installations and Evaluation 
of Test Results 

In parallel with the gradual mastering by test operators of manual testing methods 
in the course of time, there came also the development of automated continuous 
testing installations [1226, 119, 1369] up to the specialised single-piece testing au
tomats [1190]. Examples for the former type of installation are those for testing 
plate, rods, rails and tubes, which are built into transport roller ways (Fig.21.1). Ex
ample for the second kind are automats for testing steering joints, valves, rollers, 
balls, and other individual machined construction elements. Their design depends 
on the shape of the piece for manipulation, and for scanning by the probes 
(Fig.21.2). For piece and probe manipulation industrial robots are today used to an 
increasing degree. 

For successful automated testing the signal/noise ratio must be relatively large. 
Interfering echoes can arise from acoustic scatter at grain boundaries, from mode 
changing as for example Rayleigh waves in tube testing, from unwanted geometri
cal reflections and from small bubbles and particles in the coupling water. The inci
dent angle of the beam has to be controlled very accurately because of the strong re
fraction at the water/solid-interface, thus requiring precise manipulation of the test 
pieces. This effect can be largely avoided by the use of water-gap coupling in which 
the final position of the probe is controlled by the surface of the test piece. 

For high-speed testing the pulse repetition rate must be quite high since the 
smallest reflector of interest should be struck by two to five pulses to allow the use 
of the anti-interference devices mentioned in Chapter 18. The maximum repetition 
rate which can be used is, however, fixed by the length of the ultrasonic path in the 

Fig. 21.1. Continuously working test installation, schematic. 1 test object, 2 test machine with 
probes, 3 sensors for beginning and end limits, 4 transport sensors, 5 transport, 6 control of 
test mechanics, 7 ultrasonics (flaw detector), 8 processing and evaluation of test results, 
9 marking of defect, 10 signalling (optically and acoustically), 11 documentation, 12 sorting 
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Fig.21.2. Single-piece automat, sche
matic. 1 test objects, 2 feed magazine 
with separating device, 3 object manip
ulator/robot, 4 object holder with 
probes and/or probe manipulator, 5 ac
cept container, 6 reject container, 
7 control of mechanics, 8 multiplexer 
electronics, 9 evaluation of test results, 
10 sorting, 11 optical and acoustic sig
nalling, 12 documentation 

specimen and the water delay line, allowing sufficient extra time for the effective 
decay of phantom echoes (Section 10.9). 

Finally the beam width used influences the choice of scanning speed. In man
ual testing the operator can' readily observe echoes from a reflector struck only by 
the edge of the beam and can then maximise them. This is not feasible in auto
mated testing, where an indication from a reflector can only be evaluated if it is de
tected with an echo amplitude only a few decibel down from the maximum. The 
critical recording and evaluation limits have therefore to be fixed at lower levels 
than with manual testing. 

For certain basic products such as tubes, plates and welds this threshold can 
usually be fixed according to existing specifications. For other pieces the border be
tween accept and reject must be evaluated experimentally with defective pieces, 
unless the necessary experience has already been obtained by simple manual test
ing. 

As a reference defect an artificial reflector within a sound piece is sometimes 
used. This should be as simple and reproducible as possible. As explained in Sec
tion 19.2 it is useless to try to simulate the actual shape of natural defects and a 
simple borehole or a saw cut does the job quite well. The actual reject threshold has 
to be determined, after confirmatory destructive tests, by reducing the standard 
echo to a level a certain number of decibel below the reference echo. 

Several probes for different beam directions and driven by one flaw detector can 
be controlled by a multiplexing device, which also controls the gate levels for each 
probe. For evaluation and documentation several separate sensors have to pass 
their information concerning the speed and the end limits of the test piece to the 
evaluation unit (see Fig.21.1). As well as using optical or acoustical signalling to re
veal the presence of a defect, its position on the piece can be marked. An illumi
nated picture can represent the geometrical position of a defect for a limited time 
and marking of defective pieces can be carried out by a colour spray, by grinding 
wheels or by applying a magnetic marking. It can be applied at exactly the defect 
position or only generally at some other position on the piece. After automatic sort
ing into different containers the acceptable pieces can be transported for further 
use and often defect-free pieces are colour-coded to indicate that they have under
gone a test. 
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Documentation of the results can be carried out in many different ways. Firstly 
a plan of the specimen can be drawn by a recorder complete with indications of de
fects which are true to position in two planes showing both length and width. Direct 
recording instruments are provided in this case or sometimes film recording is used 
in spite of the disadvantages of the photographic process. 

A more advanced technique is by the use of digital printers, especially if the 
amplitudes and transit times of the echoes have been digitized. For repeated peri
odical tests the complete storage of all results can be done by magnetic tape record
ing as described in Section 22.2 and Chapter 30. Later results can then be com
pared with earlier ones very precisely to observe all significant variations. 

The simplest method of evaluation is to use a threshold gate for both defects or 
the back-wall echo. If the go/no-go decision must be carried out later by using doc
umentation the analog output ofthe monitor must be fed to an analog recorder, but 
because such instruments operate quite slowly the echo amplitudes are better digi
tized into several specific levels, as for example 0, 2, 4 and 8, which are more useful 
for a rapid printer. 

Nevertheless high testing speeds demand still more complicated documenta
tion. First the total number of single defects beyond the threshold, or those sections 
of the specimen with defects can be counted and the specimens are then classified 
according to this number. Instead of the individual defect echoes one can also 
count all the single pulses giving an echo. Together with digitizing of the transit 
time a large variety of computer-aided evaluations are possible. 

The flaw-detector electronics for such a variety of test-installations use individ
ual units with modular rack mounting. This allows the use of many probes and dif
ferent evaluation methods, and special modular plug-in units allows the adaptation 
of a total installation to different inspection requirements. 

Because processing computers are used in many industries today it is reason
able to make use of them also for ultrasonic testing. However, with modern devel
opments the very small microprocessors can easily be used inside the ultrasonic 
equipment for digitizing pulse amplitudes and transit times close to the probes, and 
also for digitizing the monitor gates and to operate a distance-compensated ampli
fier based on a digitized amplitude-distance curve. 

An example of such a universal flaw-detector system is the equipment IM
PULS 1 of Krautkriimer [1193]. This is controlled by a standard commercial termi
nal with alpha-numeric keyboard and VDU, providing the dialog between unit and 
operator who receives the demands for supplying test parameters (type and se
quence) from the screen. On the same screen an A-scan for each test channel can 
be presented in digital form. These can be used for observation and for making ad
justments during the test. The adjusted parameters can also be stored for later use 
which is important when repeated tests have to be made. 

The separation between the electronic hardware and the operator's terminal al
lows remote control to be maintained from one or more separate terminals. An ad
ditional feature of such systems should be mentioned, the so-called distributed in
telligence for which each plug-in board carries a one-chip computer to control 
individual functions and to announce on the screen any malfunction immediately 
it occurs. For the basic functions of the test system standardized software is avail-
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able, whereas for specific purposes special software can be provided. The excellent 
test integrity of such installations is guaranteed by the provision of numerous fail
safe control functions. 

Further features are mentioned in the Chapters for specific test problems. See 
also [636, 1158]. Concerning automation of ultrasonic testing see also [S 167]. 



PartD Special Test Problems 

The classification of the numerous test problems in Chapters 22 to 32 encounters 
difficulties of a systematic nature. Whereas in Chapters 22 to 30 grouping accord
ing to shape and the method of manufacture of the piece is used, the criterion of 
Chapters 31 and 32 is the material. However, a fully logical classification is not pos
sible and so it may be necessary to consult in this connection the subject index. 

Unless stated otherwise, the test methods described are always by pulse-echo 
equipment. 



22 Workpieces for General Mechanical Construction 

22.1 Large Steel Forgings 

In view of the high machining costs and the long replacement times, testing of large 
forgings is started as early as possible in the manufacturing process, in order to de
tect and exclude defects already present in the cast ingots, and which would be 
dangerous in service for the finished piece. 

In earlier times this was specially important when forgings were commonly pro-
duced from mould ingots. These can contain typical defects such as 

Primary shrinkag'e cavities, 
Secondary shrinkage cavities which can disappear during forging if their sur
faces are not oxidized, 
Non-metallic inclusions such as Si and Al oxides, 
Foreign bodies such as pieces of furnace linings and unfused workshop tools 
and equipment 
Flakes (hydrogen embrittlement cracks) 
Segregations 

A simple segregation is usually not detected by ultrasonics or perhaps only very 
weakly. A Baumann or sulphur print, which indicates such segregations, cannot be 
used therefore for direct comparison with ultrasonic test results. According to [125] 
metallic sulfide slag, and small alumina inclusions cannot be detected reliably. 

Cast ingots are best tested in the direction of the smallest dimension, i. e. trans
verse to the axis, and scanned along a few longitudinal paths the surfaces of which 
can if necessary be prepared by grinding. Because of the coarse grain structure and 
the large dimensions the test is not always satisfactory even when highly damped 
probes of low frequency (0,5 MHz) are used. 

Today ingots made by electro-melting processes are preferably used, where in 
practice most of the defects mentioned above no longer occur, but only small inclu
sions widely distributed across the section. This fact makes it unnecessary to test 
the ingot, a further reason being the trend to save energy by not letting the ingot 
cool down before starting the forging operation. If, however, during a multi-stage 
forging process cooling intervals allow testing, this is done along several surface 
tracks at low frequencies for 0,5 to 1 MHz (see [845]). Testing of hot forgings has 
not found much application in practice (see [1039, 1328, 1319]) mainly because the 
strong heat radiation does not permit careful manual testing, and scaled and un
even surfaces affect ultrasonic coupling and prevent mechanical scanning. 

For all these reasons the testing of large forgings is usually done after final 
forging and when heat treatment is complete, but before final machining when 
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grooves, steps, conical sections and chamfers have not yet been incorporated [1132, 
2541. The surface roughness for testing should not exceed 10 to 12,5 11m. 

As well as the typical defects arising from the ingot other defects are caused by 
the forging process especially cracks. They can be caused by forging at too low a 
temperature or by faulty heat treatment. Inclusions already present in the ingot can 
assist in the production of such cracks. 

After annealing the ultrasonic attenuation is usually very low. For example in 
rotor forgings it is not measurable with 2-MHz longitudinal waves and even at 
4 MHz only reaches 4 to 6 dB/m. Sometimes therefore phantom echoes can occur 
when using low frequencies and high testing sensitivity as is commonly used today 
(see Section 10.2.3). In practice they are not always recognized as such but misin
terpreted as increased noise level. 

This occurs especially with small parts such as test blocks and if it is suspected it is re
commended to reduce the pulse repetition rate of the flaw detector or to use a higher test fre
quency. If the "noise" is then reduced, its origin as arising from phantom echoes is con
firmed. 

The attenuation for normal incidence can be measured in a simple way from the differ
ence between the first and second back echoes [851] if the loss by geometrical divergence has 
been allowed for. Solid cylinders behave in this respect as plane parallel plates but forgings 
with a central bore must be treated differently [979]. In the case of different grain structures 
between inner and outer zones, or when local zones of coarse grain occur as sometimes in aus
tenitic forgings, this method only gives an average value of the attenuation through the sec
tion and in the case of coarse grained zones can be misleading. 

For obliquely incident transverse waves the attenuation can be measured, on annular re
taining rings for example, using two identical angle-probes in either V- or W-path through 
transmission. On solid rotor forgings this method is not feasible and one has to use normal 
(0°) transverse wave probes in the above-mentioned way. 

The testing technique depends on the pattern of the forging grain flow as shown 
in Fig. 22.1 for selected examples. Since flaws such as inclusions and cracks extend 
by preference in a direction parallel to the grain flow the ultrasound should be di
rected as nearly as possible in the perpendicular direction. For this reason the test 
in an axial direction on forgings for turbine or generator rotors is not very informa
tive. Most defects will give very small echoes in this direction, but certainly will ref
lect strongly if tested in the transverse direction. In addition the long distances in 
the axial direction are a disadvantage because of reduced sensitivity due to both 
beam spread and material attenuation. 

If when sounding in the longitudinal direction no back echo is received the rea
son need not always be a real defect. Within the central zone higher attenuation 
from coarse grain structure may be the main reason, whereas near the outer surface 
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Fig. 22.1. Grain flow of large forgings and optimum testing techniques 
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the side-wall influence can also prevent an appreciable echo (see Section 16.1). 
Testing in this direction is an advantage only to detect a large transverse crack, the 
so-called cold shut, but this can also be detected from the curved surface using 45° 
angle probes, either directly or by using a pitch and catch technique. During trans
verse testing with normal (OJ probes these defects often give no direct echoes but 
can cause loss of the bottom echo, as explained in Fig. 16.4. 

The amount of testing a forging will receive depends on its shape and final pur
pose. Sometimes it will suffice to scan a few longitudinal tracks on the curved sur
face with longitudinal wave probes. However, it must often be scanned over the 
complete surface with longitudinal probes and additionally with angle probes in 
both the circumferential and axial directions, also including pitch and catch tech
niques. A Sulzer specification for rotor testing demands complete scanning of the 
whole volume with angle probes as in Fig. 17 .2. If the divergence angle of the probe 
for a 6-dB echo drop is )1', several further angle-probe scans have to be made with 
probes having a beam divergence angle of 2 )1'. For such as complex test the use of a 
phased array would be helpful. The frequencies used commonly lie between 1 and 
5 MHz, and are mostly chosen as 2 MHz. 

The interpretation of the echo patterns can finally give a complete map of all 
defects concerning their position, angular orientation, size, shape and type. At this 
stage the concept of "defect" should be avoided so as not to give a judgement on 
the possibility of using the piece. Modem progress in the methods of fracture me
chanics allow quite precise evaluations of critical flaw size for rejection or safe ac
ceptance. Formerly used methods as for example echo amplitude ratios [1038], nu
merical tables [1238], or purely statistical specifications for acceptance as in the 
diagram of Rankin and Moriarty [1224, 1225] can no longer be considered as suffi
cient. 

The position of a defect can be determined quite precisely from the echo transit 
times, if the unit has been carefully calibrated. There are also testing units available 
which give digitally the distance of a reflector. Evaluation of the angle at which the 
echo appears is much less precise. This would usually be measured from the normal 
to the surface at the probe contact point, and there are two reasons for this diffi
culty. Firstly there may be a lateral deviation between the actual sound beam path 
and the nominal one, the squint angle, and secondly the fact that depending on its 
inclination and shape a flaw may give its maximum reflection for rays off the beam 
axis. Additionally the probe can easily be somewhat tilted on curved surfaces giving 
wrong angular indications of the flaw position. This situation can be improved by 
using a mechanical guide to keep the probe in a consistent orientation and posi
tion. If a flaw must be extracted by trepanning with a hollow bore drill, it is recom
mended that the exact position is calculated from a triangulation using several 
beam directions. 

To measure the size of a flaw the echo amplitude, as well as the recording 
length, can be used. Using the DOS method the echo amplitude gives the size of 
the equivalent flaw (see Section 19.2) but the actual size can be larger, even much 
larger, than this. For some types of defect correction factors have been determined 
empirically [813, 1052], but of course these have a rather large scatter range and re
quire a definite knowledge of the defect type. 
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The opposite case, in which the actual flaw is smaller than the equivalent one can also oc
cur, but very rarely. 

In a forging produced from electro-melted ingots small non-metallic inclusions can occur 
in a very wide distribution. It has been observed at a large distance, and hence a large beam 
diameter, that the many echoes from small particles can add up with equal phase, so simulat
ing one larger reflector. Focussing of the beam might help in this case, but this is usually im
possible at such large distances because of the necessary large probe diameter required. Pro
posals to evaluate the flaw size in such cases are given in [641]. 

For the practical measurement of the equivalent defect size Kleinmann [811] has 
proposed special DGS-graticule scales to be fixed in front of the CR screen 
(Fig. 22.2). The flaw detector unit has first to be adjusted for depth scale and gain. 
For the latter purpose the graticule contains a back-wall curve, by which the sensi
tivity can be adjusted directly on the specimen. As with the standard DGS diagram 
the maximum allowable echo peaks on one of the equivalent defect curves. Mate
rial attenuation, depending on the frequency used, has already been taken into ac
count. According to [1327] the attenuation should be classified in 2-dB/m steps so 
that the appropriate graticule can be selected, which requires of course a special at
tenuation measurement in advance. 

The introduction of the DGS method into testing practice has not only allowed 
an exact application of the law of distance, and of material attenuation, but it is 
also easy to measure the effective signal to noise ratio. 

In the course of any test in addition to flaw echoes the constancy of the back
wall echo has also to be observed carefully. If the coupling is apparently good, a 
substantial drop of the back-wall echo can indicate badly reflecting defects, such as 
large cold shuts, or local bad annealing. To observe such drops at high testing sensi
tivities a device by which the height of the back echo can be reduced by a selected 
amount is useful (see Section 10.3.2). 

Certain conclusions about the shape and inclination of a flaw can be drawn 
from the echo dynamics during probe movement by observation from different 
angles (Fig. 22.3). In a cylindrical forging a single reflector of approximately cylin
drical shape first enters the side of the beam thus giving a small echo at a certain 

Fig. 22.2. Pulse-echo instrument with DGS graticule for testing forgings 
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a b 

Fig. 22.3. Travelling echoes which appear when a rotor is scanned in the circumferential direc
tion. The envelope of the travelling echo in the case of cylindrical flaws and tangential cracks 
(a) differs from that obtained in the case of radial cracks (b) 

distance and later a larger echo at a smaller distance. The same behavior of the 
echo is observed as the reflector leaves the beam. From the movement on the 
screen it is called a travelling echo. A flatter defect in a tangential position gives a 
similar symmetrical envelope but with steeper sides. If, however, a flaw has a radial 
orientation (Fig. 22.3 b) it can give quite a large reflection from a larger distance but 
falls when it approaches the closest position rising again as it passes to the side of 
the beam once more. For an inclination between these two extreme cases the enve
lope becomes non-symmetrical. From such travelling echoes one can deduce the 
presence of a flat flaw, a likely crack, and therefore a dangerous one [85]. For the 

Screen pattern Shape of echo Symbol Screen pattern Shape of echo Symbol 

W Single echo EE [] Annular zone Rl 

W Group of echos GA W Many single VE 
resolved echos 

[A] Group of echos GN 

~ 
Grass WW 

nat resolved (noise echos from 
the structure) 

Fig. 22.4. Screen pictures with different echo patterns according to bNORM 3002 
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full evaluation of the defect type hints are also provided by its position within the 
forging as well as by its size and shape. Of course a good knowledge of the manufac
turing process of the specimen, and the origin of typical defects which might be 
caused by the process is indispensable. 

For full reporting of all aspects of the screen pattern Fig. 22.4 is of interest, this 
system being specified by the Austrian Standard ONORM 3002 (see Chapter 34). 

As an example Fig.22.5 illustrates the means of distinguishing between inclu
sions and cracks within a forging. Inclusions often appear in large numbers within a 
restricted zone, as for example at the center or perhaps within an annular zone. The 
corresponding screen pattern shows a mountain of echoes between the peaks of 
which the base line is not visible. Cracks usually appear as single echoes, or at least 
with larger distances between one and the other, and are more uniform in size. 
They are usually oriented parallel to the axis of the forging but can be turned round 
their axes at random angles. Therefore from such a cracked zone one obtains sharp 
and differentiated echoes with different amplitudes and changing very quickly with 
change of probe scanning position, the base line often being quite visible between 
them. The back-wall echo is usually more reduced by a cracked zone than by inclu
sions. When using a higher test frequency the differences can be more marked, but 
the pictures are very similar if the cracks are of a small type associated with segrega
tion. 

More complex methods for the evaluation of the defect type such as pulse spec
trometry and echo tomography with phased arrays (see Chapter 19) are in develop
ment [S 182, S 68]. 

a b 

Fig.22.5. Differences between the indications of inclusions and cracks, drawn schematically 
and exaggerated for greater clarity. a Inclusions; b flake cracks. The echoes of the more dis
tant flaws, because of divergence and attenuation of the sound beam, are rather weak 
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As well as the forging manufacturer and the inspection organization further 
parties may be involved such as the final customer, a classification society and a 
surveying corporation. Consequently the official standards and specifications must be 
written to refer to unequivocally definable criteria, usually the defect position, the 
equivalent reflector size, the reduction in the back-wall echo, the echo shape and 
its behavior during scanning (echo dynamics). In addition the ratio of the useful 
gain range to the noise level is specified to ensure that the smallest defect which 
must still be detected can actually be distinguished from the noise. Because of the 
trend to automated tests the three most useful are the flaw position, equivalent de
fect size and decrease of back-wall echo since they are readily available for elec
tronic data processing. 

International standards and rules of testing (Chapter 34) are restricted to meth
ods of testing, adjustment of the equipment and methods of signal evaluation. They 
cannot fix reject criteria since this question is usually a matter of agreement be
tween manufacturer and customer [1132]. The limits of acceptance therefore de
pend more on the service stresses than on the probable defective zones arising from 
the production process. 

With rotor forgings, because of the high centrifugal forces and resultant hoop
stresses, the zone around the central bore is evaluated critically. The parts of steam
and gas-turbine rotors, which are subject to high temperatures and therefore are 
subject to creep cracking, the zones of blade fixing in turbine and compressor disks, 
and the region of the slots for housing electrical windings in alternator rotors are all 
subject to more critical evaluation than the intermediate annular regions. 

In addition to the working stresses other reasons for more critical judging crite
ria playa role as for example on faces to be welded to reduce the risk of the produc
tion of weld defects. 

Concerning the testing of forgings see also [1450, 740, 1055, 124, 930, 1326, 27 
(Sections G 12 and G 13), 461, 968, 1064]; concerning the influence of geometry 
[1399, 799], and especially about defect sizing [1150, 813, 1055, 822, 1147, S 79, 
S 14]. 

The testing of austenitic forgings compared to those made from ferritic steels 
which can be quenched and tempered, does not always give satisfactory results be
cause of the strongly scattering grain structure. During recent years this problem has 
been the subject of many investigations leading to better forging techniques produ
cing better properties for testing [922, 1132]. The main difficulties resulting from 
zones of coarse grain can be avoided by choosing a particular temperature for final 
forging based on recrystallization diagrams. For the testing of these pieces frequen
cies of 0,5 to 1 MHz with maximum damping are best used, which give good 
enough axial resolution and an adequate signal to noise ratio [486]. Different de
sign of ultrasonic equipment, as for example by using the CS technique [270] or av
eraging methods [539] do not provide much improvement in the results. 
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22.2 In-Service Inspections 

The methods described above are applied in the course of and immediately after 
the production process and are therefore called production tests. To survey highly 
stressed parts, especially in power plants, repeated tests or in-service inspections are 
becoming more and more important. In these inspections any defects identified 
earlier but not being a cause for rejection can be observed for any changes caused 
by the service conditions. In addition service-produced defects must be detected, 
these being mainly cracks caused by thermal shock, fatigue or creep, or by corro
sion attack. 

For both types of test, production and in-service, mechanized scanning of 
highly stressed parts is often necessary. For some examples see Section 22.3. In 
most cases, however, it will not be possible to use the results of production testing 
as a basis for the later in-service test because then other criteria apply and also be
cause scanning equipment has to be specially designed for use on site, for example 
in power stations. 

The first or pre-service inspection has therefore to be performed on the piece in 
the ready-for-use condition, i. e. at a time when the piece after having been ac
cepted on the basis of production tests, has not yet been affected by its conditions 
of service. This pre-service test, also called the finger-print inspection, forms the ba
sis for later in-service inspections since they can all be evaluated by comparison 
with it. 

In what follows some examples of in-service tests are given in which an auto
mated scanning installation is not necessary. 

In a crankshaft (Fig. 22.6) fatigue cracks develop in the crankpin fillet, starting 
usually in the 45° direction. Tests with normal probes are therefore less favourable 
than with 45° angle probes. If a borehole prevents direct observation it can be used 
as a mirror to reflect the beam. Sometimes the cracks are skewed by the influence 
of torsional stresses and in this case they can be detected more easily from the side 
wall as in Fig.22.7. To avoid unnecessary scanning, experience of the probable posi
tion of such cracks is very important. Complementary methods are by using magne-

Calibrating 

Crack 

a 

Fig. 22.6. Testing for fatigue cracks on crankshafts and crankpins. a Without bore; b with bore 
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Linie of crock 

Fig.22.7. Oblique or skewed fatigue cracks on crankpins 

tic particle or penetrant dye techniques, which, however, necessitate dismantling of 
the machine which is not necessary with ultrasonics. In addition with ultrasonics 
rough indication of the crack depth can be obtained by comparison with artificial 
cracks. 

When testing heavy machinery, oil-filled holes are frequently encountered. 
They produce not only the expected echo from the front wall but also a back-wall 
echo. Because of the lower acoustic velocity of oil, the back-wall echo appears be
hind the front echo at a distance equal to four times the hole diameter and it is of
ten surprisingly strong. 

The supporting columns of heavy presses as well as pump rods are subject to fa
tigue cracks in the thread (Fig. 22.8) which start at the bottom of the thread and 
proceed at right angles to the axis. Usually they an be readily detected from the end 
face if a normal probe is applied near the edge. If this also shows the individual 
threads they can be identified by their regularity but this makes it more difficult to 
detect smaller incipient cracks. In this case the optimum angle of divergence of the 
sound beam can be found by testing a reference specimen with a saw cut at the base 
of a thread. Angle-probe testing in an oblique direction is in this case less favou
rable because of the strong indication of the threads and should be considered only 
if the end face is inaccessible. However, for this problem longitudinal-wave angle 
probes ofsmall angle can be used to advantage (cf. Fig. 17.3). 

Satisfactory tests results are also obtained in the case of reduced ends of pump 
rods as shown in Fig. 22.9 from which the thread can no longer be irradiated di-

Unfavourable 

Fig. 22.8. Crack test on press columns, pump rods, etc. 
Fig. 22.9. Crack test on thread in the shadow of a sound beam; schematic screen picture above 
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rectly. The screen picture showed the perfectly regular echoes of these threads, from 
which the additional crack echo could be clearly distinguished at one point. This 
was certainly due to diffraction of the wave at the point of narrowing. 

For turbine and rotor forgings intended for power plants mechanized scanning 
and complete recording is necessary, as.described in Section 22.3. However, at this 
point we can say that the designer of these forgings must already consider testabil
ity. An old example is shown in Fig.22.10 in which the four longitudinal machined 
semi-circular grooves allow inspection of the whole interior volume by using special 
probes. 

If such a forging contains a central borehole it can be used to allow inspection 
of the stressed zone around it as well as the outer regions (see Section 22.3, bore
sonic inspection). 

Other critical parts in generator rotors are the wedge-shaped retainers which hold 
the electrical windings against centrifugal forces. These can be affected by fretting 
corrosion because of the high contact pressures and the bending stresses of the ro
tor. The usual test for such cracks is carried out using angle probes from the outer 
faces of the wedges [1376]. 

End bells or retaining rings (Fig. 22.11) are one of the most stressed parts of an 
alternator rotor. Their task is also to retain the ends of the windings against centri
fugal forces and consist usually of high-strength cold-worked non-magnetic austeni
tic steel. During service cracks arise as a consequence of stray-current arcing and 

Fig. 22.10. Section through generator rotor with 
four grooves for inspecting the internal cross-sec
tion 

Crack 

r----,I!llt:::~---R_ing---__;!!1';:p~ Cracks 

~'"{] 
Rotor 

Fig.22.11. Testing a generator retaining ring or end bell 
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by stress corrosion caused by humidity. These cracks are detected by manual tech
niques using angle probes of 35° to 45° and 2 MHz. Occasionally coarse-grained 
zones require the use of lower frequencies but more reliable testing for in-service 
inspection is with the help of special manipulators (see Section 22.3). 

The rings are initially shrunk on to the rotor and supporting disc and are there
fore subjected to considerable static stresses. If they are removed previous definite 
crack indications may disappear. These must be caused by tight cracks which trans
mit sound unless opened under the influence of stress, so that the tests should 
therefore be carried out on the shrunk-on component. 

22.3 Mechanized Testing 

Figure 22.12 shows a computer-aided test installation in the production line of re
taining rings of the Krupp company [1557]. The rings are supported and rotated by 
two rollers in a tank allowing part of the ring to be immersed in water. With this 
semi-immersion technique four probes are used, two normal probes (0°) and two 
angle probes in the range 35° to 60°. One pair consisting of a normal probe and an 
angle probe contacts the inner surface and the other contacts the outer one. The 
complete set scans the width of the ring by multiplexing, one of the normal probes 
also checking the attenuation. 

The results are recorded by two twin-channel line-recorders with reversing trans
port. One channel records the amplitudes of normal echoes received between 0° 
and 180° and the other between 180° and 360° of the circumference. The second re
corder writes the echoes of the angle probes. For the in-service tests this type of in
spection and record is, however not suited and other scanning installation had to be 
developed for this purpose, the main difference being that the inside surface is no 
longer accessible. 

The importance of these production and in-service tests is indicated by more 
than 30 serious accidents which have occurred in the years before their introduc
tion [1450]. The efficiency of the in-service tests is mainly due to the precisely re
producible probe-guidance mechanism and the data recording. Even the echoes of 
the grain noise are reproducible and act as a "finger-print" for each retaining ring. 
During repeated in-service tests it has been possible already to indicate defects 
when their echoes have not yet surpassed the grain noise [lOSS]. With a sensitivity 
adjustment based on this grain noise better results have been obtained than by us
ing a groove 1 mm deep and 25 mm long as reference defect. Ohnfeld [1137] describes 
an installation for service-testing retaining rings, without the need to lift the rotor, 
by using very flat probes mounted in the narrow air gap that is available in practice, 
see also [126]. 

Automated tests of rotor forgings have been carried out for many years in order 
to achieve a continuous test. By well-defined probe guidance it was possible to get a 
record of the complete test rather than the disjointed sequence of A-scan images 
obtained from visual observation. The goal was to test the complete volume, in 
which each volume element could be checked in three different, mutually per
pendicular directions. 
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Fig. 22.12. a Test installation for retaining rings; b record of a normal probe on a test piece 
with artificial defects (courtesy Krupp Corp.) 
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The installation shown in Fig. 22.13 is from the Brown-Boveri Corporation ac
cording to Mohr [1052]. It scans the rotor with a multiple-probe system coupled to 
the surface by flowing oil. The oil container is carried on the test car together with 
the flaw detector and recording devices running alongside the rotor on rails. 

Figures 22.14a and b show the special recording method using photographic 
film. The base line of the normal A scan (Fig. 22.14a) is projected onto a run
ning film perpendicular to its direction of movement (right). The echoes are them
selves shielded, so that the base line blackens the film with the exception of the 
gaps caused by the echo peaks. The speed of the film transport is controlled by the 
scanning speed of the probe system. The width of the unexposed gaps is a first indi
cation of the echo amplitudes. Additionally an auxiliary CR-tube shows (4) the am
plitude of the back-wall echo and simultaneously the largest amplitude of the com
plete echo pattern within a range where defects can be expected. 

The back-wall echo can be reduced by more than 30 dB so that the sensitivity 
for defect echoes can be very high. For rotors with central boreholes the back-wall 
echo is replaced by the hole echo, which can also be reduced to obtain high sensi
tivity for defects in front of and behind the hole. 

The travelling echoes are easily recognized from their transit time variations 
(see Section 22 .1). The use of a 4-track imaging recorder to replace the optical cam
era would allow on-line recording. 

For descriptions of older installations offering considerably less possibilities see 
Goldman and Auger [545, 546] and Cook and Walker [261]. In an installation at the 

Fig. 22.13. Test installation for rotating forgings up to 150 t weight (courtesy BBC, Baden, 
Switzerland) 
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Japanese Steel Works (Okubo et al [1141]) the ultrasonic data is electronically pro
cessed. The system gives real time presentation of Band C scans and a classified list 
of defects with tlieir positional data and equivalent defect size. The computer ca
pacity can deal with rotor diameters up to 2600 mm, if suitable rotating equipment 
is available. 

Nussmiiller describes a smaller full-immersion installation for forgings up to 
700 mm diameter and 1500 mm long. Because of the very uniform coupling testing 
frequencies up to 10 MHz can be used [1132,1133, S 121]. 

Besides these installations for production testing there have also been for some 
years similar one for in-service inspection. 

In the USA several serious accidents have occurred with monoblock rotors be
cause of production defects and creep stress [1354], especially with older macliines. 
When central boreholes are available in-service inspections must now be performed 
from the inside surface (boresonic inspection) and a number of specially designed 
installations are in regular use [1526, 542] . Jacobs [714] reports a newly developed 
system code-named "TREES" (turbine rotor examination and evaluation sys
tem). The complete data collection is stored in a computer so that a prediction con
cerning the residual life time of the machine can be reached. 

Another material problem was recognized after a series of serious accidents in 
Great Britain [746], the USA and South Africa when using low-pressure rotors with 
shrunk-on discs. Stress corrosion was found to occur at the outer edges of the disc 
bores, especially originating from the key-way. This lead in the USA to a Standard 
Revision Plan by the Nuclear Regulatory Commission (NRC [1739]), which de-

Gale 
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Fig. 22.14a. Recording system of the installation of Fig. 22.13 (cf. (1052)). Principle of record
ing. 1 normal A scan; 2 gated base line; 3 indications of the electronic gates ; 4 CR tube for 
echo amplitudes only ; 5 camera lens; 6 image of the gated base line; 7 image of the echo am
plitudes from CR tube 4; 8 film; 9 transit time/position curve with transmitter pulse A, indica
tions of echoes B, back-wall echo C; 10 amplitude/position curves with maximum echo am
plitude D and back-wall echo amplitude E (if necessary reduced within the gate II) 
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Fig. 22.14b. Record of a shaft with hydrogen flakes showing probe arrangement. 
A angle probe 40°; B normal probe; C angle probe 65°; f flake-type cracks on the front side of 
the shaft; q, and q2 axial bore holes for reference, 2 mm diameter; A' + B' + C' film record 
with all 3 probes in parallel; A', B' and C' three films, each for one probe only; q; and q; am
plitude indications of the reference boreholes, drilled transverse to the beams 
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mands periodically repeated inspections of turbine rotors in nuclear power plants. 
The various manufacturers involved have designed intallations fitted to their tur
bines which allows the test to be carried out without dismantling the turbine discs 
and blades. Figure 22.15 shows such an installation of the KWU company, Miil
heim/Ruhr, Germany, [728], for the shrunk-on discs of their low-pressure tur-

Fig.22.15. Test installation for low-pressure turbine discs (Courtesy KWU, Miilheim/Ruhr, 
West Germany) accord. to [728] 

Fig. 22.16. In-service test of the low-pressure shaft of a 1300-MW turbine. The shaft need not 
be removed from the casing. (Courtesy BBC, Baden, Switzerland; product of Krautkramer
GeysseJ) 
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bine rotors. The critical region of the disc bores is checked by a combination of 
several angle probes operating as single probes or with a pitch-and-catch technique. 
The manipulator carrying the probe assembly is introduced into a gap only 50 mm 
wide. For further installations of this kind see [70, 1037]. 

Although this particular problem of the shrunk-on discs does not occur with ro
tors of other designs (monoblock rotors and those fabricated by welding individual 
forgings) the test is sometimes demanded for nuclear power plants. An installation 
for the welded type of rotor has been developed by Mohr for the BBC 1300-MW 
nuclear turbine group [1056), Fig. 22.16. The shaft can remain within the lower 
housing during the test and the manipulator is mounted on the jointing flange. Par
ticularly the central zones of the solid discs and the roots of the welds are checked 
and for this purpose special testing faces are already provided in the design. For re
cording the results the total depth range is divided into transit-time sections of 1 mm 
steel equivalent, into which the digitized echoes are sorted. The echo amplitudes 
are also sorted into 1 dB steps from 1 to 99 dB. The two groups of data are stored on 
tape for further processing by different programs, for example as B-scans with rated 
amplitudes as in Fig. 22.17, or for comparison with a later inspection. 

Fig. 22.17. B scan with rated ampli
tudes of a defective cylinder, re
corded by the installation of 
Fig. 22.16 according to [1056] using 
35° angle probes 
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22.4 Miscellaneous Machined and Semi-finished Parts 

No testing information of general validity can be given here in view of the many 
different shapes and various testing problems. Selected examples will be discussed 
in as far as they refer to typical or particularly important cases. 

Many defects in machined parts can be avoided if the raw material used is de
fect free, for example rods, bar or shaped sections. These are usually well suited to 
ultrasonic testing (Chapter 25). After manufacture into forgings only the easily ac
cessible parts can be tested for typical internal forging defects, as far as the pro
posed use requires it. Surface inspection can be carried out by magnetic particle 
or liquid penetrant testing. 

The ultrasonic method of testing can be used on forgings in aluminium alloys, 
nickel alloys and titanium, which are widely used in the aircraft industry. Because 
of the need for constant coupling the immersion technique is very often used, and 
the excellent surface conditions allow the detection of very small flaws. On com
plicated shapes the probe is guided manually supported from the surface, and at a 
fixed distance, by a plastic nozzle, the end of which can be made to fit any surface 
curvature. For simpler shapes full immersion tanks with probe manipulators and 
mechanized scanning can be used. 

For the highly stressed parts of gas turbines and especially the discs and shafts, 
the whole material volume must be tested for production defects. The fully finished 
component is usually not suited to the test because of it's complicated shape, so the 
test is carried out at an intermediate stage when the shape is still as simple as possi
ble. Immersion techniques can then be used with normal beams for which the forg
ing defects are well positioned. By tilting the probe defects lying in less favorable 
orientations, for example near the steps (transition zone between different thick
nesses), can be found, where they tend to follow the forging flow lines. 

The principle is shown in Fig.22.18 using simple mechanical scanning and cir
cular recording. With modern computer-aided installations equivalent defect sizes 
of about 0.5 mm diameter can be set as the rejection limit. Not less than 49 differ
ent probe adjustments are required and are provided by the computer programme, 

( 

--- -- . -- - I ---- _== ______ J 
Fig. 22.18. Checking blanks of turbine discs by the immersion technique with circular recor
der, schematic 
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Fig. 22.19. Probe for detecting fatigue cracks in turbine discs (design Krautkriimer-Branson) 
Fig. 22.20. Detection of cracks in riveted turbine blades 

which also contains the various adjustments of the electronic gates, to restrict the 
test exclusively to that metal volume left after final machining [321, 1133]. 

The in-seroice inspection of turbine discs is difficult because of the very compli
cated shape but is also carried out in selected areas by immersion techniques [176]. 
Probes as shown in Fig. 22.19 have been found successful for detecting fatigue 
cracks in fir-tree grooves, the transducer crystal being cast into a resin block in situ, 
which gives very reproducible contact conditions. 

Turbine blades are made from many different materials, and in many different 
shapes, for water, steam and gas turbines. Blades for steam turbines are usually 
made from magnetic material and can therefore be tested by magnetic methods for 
fatigue cracks. Ultrasonic testing is often difficult because of severe erosion on the 
leading edge, and deposits on the surface have to be eliminated by blasting. The sur
face is then good enough to inspect with Rayleigh waves as in Fig. 22.21, the blades 
being left in situ. 

With some designs the blades are fixed and riveted into a supporting ring, 
Fig. 22.20. Fatigue cracks in the transition zone between blade and rivet can be de
tected by high resolution single probes, or by TR probes, provided they extend to a 
depth down to 0.5 mm. 

Raw material for turbine and compressor blades is tested carefully because 
of the high stresses in service. The cost of testing is not very important because 
of the consequences of a jet engine failure in an aircraft. 

Production defects in blades depend on the method of manufacture, whether 
die-forged, milled from bulk material or precision cast. The raw material for the 
first two methods can contain the usual longitudinal defects; see Section 25.1. In 
the highly heat-resistant nimonic (NiCr) alloys transverse cracks have also been 
found in the raw material by testing short sections from the flat end faces with 
small, high-resolution probes. 

With precision-cast hollow turbine blades the wall thickness has to be measured 
with instruments which must have a measuring accuracy of 11100 mm. Because of 
the curved outer surface, and the eccentric shape of the internal hole, very narrow 
beams with high resolution have to be used. 
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a b 

c 

d 

Fig.22.21. Testing blades with surface 
waves. a, b Positions of probes; c screen 
picture showing small crack in root ra
dius; d screen picture from same testing 
direction on sound blade; e screen pic-

e ture showing small crack at the edge 

Small fatigue cracks can occur on both edges, in the blade root radius and in 
the root itself (Fig. 22.21). The complicated shape of the root usually makes testing 
very difficult and while a crack as in Fig.22.22 may still be detectable using special 
probes, those within the root as in Fig. 22.22 b are no longer detectable by ultrason
ics. A favorable case has been reported in [5 95]. 

Carodiskey [213] has developed a probe, as shown in Fig. 22.23, cast in a resin 
block for guiding along the curved surface of the blade, and able to detect fatigue 
cracks as shown. The probe is fastened to a flexible guide rod and can be intro-



22.4 Miscellaneous Machined Parts 359 

Fig. 22.22. Cracks in base of blades of different shapes. a Possibly detectable while assembled; 
b in fir-tree root, detection very difficult 

2 

Fig.22.23. Testing of turbine blade root for fatigue cracks, 
according to [213]. 1 crystal, 2 cast resin block, 3 blade 

duced into the engine through an inspection hole. A drop of coupling liquid is pro
vided through a channel in the resin block by operation of a syringe. 

At other positions simpler tests can be performed as in Fig. 22.21, if the surface 
is not too rough and if the material is not too coarse grained. The test is carried out 
by Rayleigh waves of 2 to 5 MHz from the convex side of the blade. 

Small cracks at the edges are well situated to reflect the surface waves since they 
usually form a right-angled corner with the edge. Cracks in the blade root radius 
must be irradiated by a perpendicular beam but the root edges can produce quite 
high echoes, in front of which an echo from a small crack is not easy to see. For eas
ily reproducible contact the probe is usually fitted to a suitable clamping mechan
ism if routine testing is needed [943, 1228]. 

If the flat surfaces of the blade are not accessible it can help to test from the 
edges as in Fig. 22.24. For this purpose it is advantageous to adapt the plastic con
tact face of the probe to the edge by forming a groove. 

Whereas the sound velocity in Nimonic alloys equals quite precisely that in steel, this is 
not true for some other materials used for turbine blades, and the perspex wedge angle for 
angle- and surface-wave probes has therefore to be specially adapted. Copper alloys, as used 
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Fig. 22.24. Testing blades from an edge, using surface or transverse waves 

sometimes for compressor blades, have very low sound velocities, thus needing the use of 
other materials for the wedge having a lower longitudinal velocity than perspex. 

A serious problem is coarse grain, as already found in forged blades made from nimonic 
alloys. In this case the edges are sometimes free of coarse grains, thus allowing the use of sur· 
face waves in this area. With grains of very large size changing to low frequencies is of no 
help. 

Hitherto the opinion has frequently been expressed that recrystallization is not a disad
vantage in operation. Stager and Meister [1455] have found , however, on nimonic 80 A (with 
about 19 % Cr and 75% Ni) that both acoustic velocities decrease with increasing grain size 
and therefore, also Young's modulus and the shear modulus. Furthermore, fatigue test were 
strongly influenced by grain coarsening. Elimination of recrystallized blades thus seems ad
visable, and for this the ultrasonic test could be a possible criterion using either the attenua
tion of the sound or its velocity. The fir-tree root of the blade is best suited for such measure
ments. 

Screws, bolts and rivets. Manufacturing defects in pressed parts of this type are 
usually transverse internal separations or the so-called over-drawing cracks, which 
occur usually near to the head (Fig. 22.25). The test can be made from either end 
using a normal probe of 2 to 5 MHz, with a diameter not exceeding that of the test 
piece. 

In the shoulder between the head and shaft of a bolt conical defects sometimes 
occur in the form of a pointed hat, sometimes called chevrons. As Fig. 22.26 shows 
they can be found by either normal or angle beams. If these defects are still in a for
mative stage, they may give no recognizable echo but can be indicated by the atten
uation of the back echo caused by the disrupted structure. Other manufacturing de
fects are longitudinal cracks on the axis or at the surface. These, however, are 
usually caused by defects in the raw material and are therefore better detected by 
pretesting the bar (Chapter 25). 

In service small fatigue cracks often occur in the thread roots or in the shoulder 
between the head and the shank. The former are best found as shown in Fig. 22.8 
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Fig. 22.25. Testing an extruded screw for cracks in the head. a Crack in polished cross-section 
made visible by the magnetic powder method; b screen picture of a sound screw tested from 
the head, 4 MHz, testing range 50 mm; c ditto, of screw with flaw; d ditto, tested from base. In 
both cases the faulty screw is easily distinguished from a sound screw 

and the latter can be located as in Fig. 22.27 using normal probes, but operating 
from the shank rather than the head. From the bolt head these cracks, if small, are 
difficult to distinguish from the ever-present echo of the lower face of the head. 

If in service only the bolt head is accessible for testing then the probe should be 
provided with a guide so that it can be adjusted to give only a small echo from the 
inner face of the head. A crack causes this to increase noticeably and defects only 
0.5 mm deep . can be detected by this method. 

There is a better chance of detection using angled beams either from the side of 
the shank or from the inside of a longitudinal borehole using specially designed 
probes. 
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Favourable 

Favourable 

Fig. 22.26. Testing methods for conical defects in a bolt 

Fig. 22.27. Testing for fatigue cracks in bolts 
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Fig. 22.28. Cross-section through a leaf spring for railway cars with quenching crack showing 
testing with small angle probe or normal probe. The use of surface waves is unfavorable due to 
roughness 
Fig. 22.29. Testing a helical spring for quenching cracks, using surface waves 

For cracks in rivet holes see Section 29.1. 
In quenched work pieces stress cracks occur which need not necessarily be caused 

by flaws in the raw material. They appear in finished articles, for example press 
tools or die blocks, where they do not always reach the surface. Critical zones in 
such parts should therefore be scanned with normal or angle probes. 

On larger and more complex components, such as bolts, leaf springs or helical 
springs, quenching cracks on the surface can be detected by various methods de
pending on the position of the cracks and on accessibility. Examples are shown in 
Figs. 22.28 and 22.29. 

Batch testing can be performed according to the principle of Fig. 21.2 in a ma
chine as shown for example in Fig. 22.30. 
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Fig. 22.30. Single-piece tester for small parts 
such as rings, boIts, tube sections etc. (type 
PAR-R, design Krautkriimer) 
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A separate treatment of this group of testing problems, which individually could be 
classified under other sections, is justified in view of the extent and the importance 
of ultrasonic testing in railway engineering. Most interesting in this respect is the 
detection of defects generated during service by dynamic stresses, especially con
sidering the latest high-speed trains. For these trains acceptance testing is of increa
sing importance. 

Many of these special types of inspection application can of course be used on 
test problems in other branches of engineering. 

23.1 Axles 

The typical types of manufacturing defect are mentioned in Chapter 22 but accept
ance tests are, however, not always specified by the customer. The Deutsche Bun
desbahn (DB) only requires ultrasonic tests on new axles in selected cases. 

In this respect the ISO-Standard 5948 is of interest, in which a check of the at
tenuation is proposed for rolling railway material to ascertain that in-service inspec
tion for fatigue cracks is possible at all [824, 214]. 

In-service tests of axles are performed by nearly all railway organisations. In the 
case of steam locomotives with axles on inside bearings, as in Fig.23.1, the test ac
cording to [67] was especially simple and reliable, because the cracks almost always 
occurred within the hub seat as shown. The testing of all-axles of an express loco
motive needed less than 30 min to carry out. 

Probe 

K,=ttJrwoy / 

---H------j,.- -+. 
Axle 

Wheel body 
(steel casting) 

I 

Fig. 23.1. Crack tests on axles of steam 
locomotives 
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a 

b 

c 

Fig.23.2. Examples of axles with outside bearings of the Deutsche Bundesbahn. a Of goods 
truck; b axle with roller bearing, bearing ring not removed; c same with additional brake 
disc 

Small cracks with depths of only a few millimetres could already be detected, al
though such small cracks were not too important since long experience had con
firmed that axle fractures took place only after cracks had reached a greater depth 
[985, 1710, 1378]. 

Usually less convenient to test are locomotive and truck axles with e~:ternal 
bearings. With the older design of axles using plain bearings (Fig. 23.2a) a 2-MHz 
37° angle probe is applied to the bearing stub and, by scanning in length and cir
cumferential directions, the emergency bearing and outer hub seat are inspected. 
To test the inner end of the hub seat the probe is placed on the inner shaft as shown 
in Fig. 23.2 a. Though here the surface is usually heavily corroded, a reliable test is 
possible after cleaning with a steel brush. 

In the DB the sensitivity of the test is checked with an artificial defect which is 
a saw cut of 1 mm depth. Axles with crack indications are rejected and those free of 
any detectable defect have a service life of 5 or 6 years before the next test is 
needed. 
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For the detection of rather deep cracks the so-called axle-test pistol (design 
Sperry) was in use in the USA. It had six crystals coupled to the end face of the axle 
for longitudinally testing the bearing and the hub seat, using a beam angle of about 
10° to the axis. The interval between successive tests had to be shorter, because 
only large cracks could be detected reliably by this method. 

All modern locomotives and trucks use roller bearings with an end face which 
usually contains grooves, a threaded borehole and a center hole, so that coupling a 
probe to it becomes impossible. In addition, the diameter of the end face is smaller 
than the bearing diameter and the inner bearing rings are shrunk-on and should not 
be taken off, so that the test used for plane bearings cannot be performed. An alt
ernative method is shown in Fig. 23.2 b in which the center boring is conical and 
can be cleaned and smoothed before the test. Then a special probe (the so-called 
center-punch probe) can do the test, but it is restricted to the range up to the inner 
edge of the bearing ring, because some part of the sound can penetrate the shrink
fit and generate interference echoes simulating more distant defects. 

For testing the outer part of the hub seat a special TR probe (2 in Fig. 23.2 c) is 
used with longitudinal waves at an entry angle of 13° and a roof angle chosen to 
cover just the range from 12 to 20 mm below the surface, where cracks at the outer 
hub seat usually occur. Because of the very flat design of the probe, it fits into the 
small gap between the wheel disc and the bearing box. It is coupled to the small ra
dius of the hub seat and requires good cleaning and some skill by the operator. If 
with other axle designs this access is not available then the outer part of the hub 
seat has to be checked from the inner shaft. 

With axles fitted with brake discs, as in the high-speed passenger trains, the 
brake disc hubs are also critical at the edges. As shown in Fig. 23.2 c, 3, 4 and 5, the 
test is performed with angle probes of 37° to 52° from the inner axle shaft. 

It has to be kept in mind, that the shrunk-on wheel seat is partially transparent to ultra
sound and therefore echoes are sometimes obtained from the wheel hub, with both wave 
modes, reflected from its faces or even from defects in the cast steel wheel. In doubtful cases 
one should work with higher frequencies for which the shrunk-on face and the wheel body are 
less transparent, resulting in interfering echoes becoming less distinct than true defect echoes. 
At the edges of the shrink-fit sometimes echoes are observed, especially from the outer hub 
seat, when transverse waves are used. It is probably a case of a diffracted wave, simulating 
small cracks. 

In the DB the intervals between successive tests (400.000 km for locomotives and 
600.000 km for passenger coaches) are subject to shortening so that a lower sensitivity can be 
used, so avoiding the need for highly skilled operators able to distinguish between true crack 
echoes and interference signals. 

The test becomes more difficult if there are many cross-sectional changes be
tween the various wheel discs and especially if there are brake discs and drive 
wheels too. In this case it is no longer possible to carry out the test by means of 
angle probes coupled to the surface of the axle. Fortunately hollow axles are often 
used which permit testing from inside the hole (cf. Fig. 23.3a, [1378, 364]). Thus, 
for instance, all modern electric locomotives of the Deutsche Bundesbahn are fitted 
with hollow axles (inner diameter of 90 mm). An internal 45° angle probe permits 
convenient testing of all critical zones of the various seats and transitions. This 
method can also be applied to holes down to 20 mm diameter and all roller-bearing 
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Fig. 23.3. Axle tests with special 
probes. a Hollow axle with several 
cross-sectional changes (I internal 
ring of the roller bearing, II wheel 
disc, III brake disc, IV drive); b axle 
for American Diesel locomotive, 
probes for longitudinal waves at 15°, 
19° and 24° according to Sperry; 
c axle with extemal bearing (sche
matic) and conically machined end 
face using fitted longitudinal-wave 
probe (Swiss Federal Railways) 

supported axles of the new electric railcars of the DB have been fitted with centre 
boreholes 30 mm in diameter. 

Where it is definitely required that the hub seat be tested from the end, larger 
flaws can be detected relatively reliably with a normal probe (1 to 2 MHz) with a 
sufficiently wide beam angle. For axles of American Diesel locomotives probes 
with longitudinal waves and small angles (15 to 24°) have proved successful for this 
purpose (Fig. 23.3 b). The longer dead zone of these probes can be tolerated in view 
of the greater flaw distances. Another solution is illustrated in Fig. 23.3 c. Here the 
railway administration decided to machine a conical surface on the end face to fa
cilitate testing. All critical points can then be scanned by a probe with suitably fit
ted transducer in one revolution. 

For further reports on differing practices of other railway organizations see [367, 
427,20~ 978, 865, 155, S. 16n. 

In view of the large numbers of truck axles, automated testing installations 
prove economical. Figure 23.4 shows a test bench designed for this purpose and 
used by the Deutsche Bundesbahn in several of their repair workshops [522]. 

The automatic test starts with the hydraulic lifting of the wheel set into posi
tion. The wheel set is rotated, the probes are coupled by means of flowing water 
and switched on one after the other for one revolution each, and the test data from 
each probe are noted. The angle probes for the bearing stubs contain several paral
lel-connected transducers so as to cover all possible flaw positions simultaneously 
without any axial shift. A flaw indication is recorded on the signal display panel at 
a position corresponding to the position of the flaw. Prior to the scanning by the 
angle probes used for the hub seat it is tested first by means of normal probes on 
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Fig. 23.4. Automated test bench of the Deutsche Bundesbahn for wheel sets (design Regen· 
scheidt/Krautkriimer) 

the basis of the back-wall echo to check whether any serious defects are present 
which would prevent oblique testing. Only then is the oblique test started. The en
tire test procedure, including the rolling in and out of the wheel set takes only 
about 2 min. 

23.2 Rails 

Manufacturing defects in rails depend on the origin of the steel, those manufac
tured from cast ingots have rolled-out flaws, and those from continuous casting 
contain a fine dispersion of non-metallic inclusions. The defects usually occur in 
the transition zone below the rail head and in the upper part ofthe web. In addition 
transverse cracks (the so-called kidney cracks) can occur in the head and true rolling 
defects are folds in the foot region beneath the web. The usual test positions for 
probes are shown in Fig.23.5, and these are 2-MHz TR probes on the top and side 
of the head, on the web and an angle probe on the foot. 

Production testing is usually performed after straightening, as a quality control 
measure or because it is specified by the acceptance authority. Often rolling mills 
have incorporated test installations into the production line [471, S 122.) 

Durjng service small cracks and inclusions can act as the origin of the Kidney 
cracks lying transversly in the head of the rail (Fig. 23.6). They are especially dang
erous because they can occur in groups over short distances and can therefore cause 
a short piece of the rail to break out. Similar cracks start at wheel burns, where 
wheels skid during starting, for example in front of signals, leading to local thermal 
cracking as a result of overheating. 

In England Kidney crackS occur less often, because less hard rails are in use. In 
the USA, as well as shatter cracks starting from the center of the head, small cracks 
from the lower edges of the head also occur, contrary to German experience. These 
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Fig. 23.5. Typical probe positions for rail testing 

Fig. 23.6. Kidney crack (transverse crack in rail head) 

Fig. 23.7. Testing of rails for incipient cracks at the lower edges of the head 
Fig. 23.8. Cracks at fish-plate boltholes 

can be detected with 70° angle probes from the rolling surface, if the beam is tilted 
somewhat (Fig. 23 .7). To observe both edges of the head in automatic installations 
two angle probes are provided, with opposite direction of tilting. 

Other in-service cracks are the fatigue cracks at the fish-plate bolt holes 
(Fig. 23.8) produced by the impact stresses at the rail joint and which may cause a 
piece of the rail to break out resulting in serious accidents. Depending on the 
shape and the material of the rail, the flaws encountered in various railway systems 
can differ greatly regarding their position and frequency, for which the testing 
method should make allowance. Small cracks in the foot of the rail, if they do not 
reach the web, are practically undetectable with any of the ultrasonic testing meth
ods used in practice, but they are usually detected by visual inspection. 

In the Deutsche Bundesbahn, and also in many other railway organizations, the 
rails of the most important tracks are routinely tested. Figure 23 .9 shows an early 
model of a manually guided rail tester which contains a battery powered miniature 



370 23 Railway Engineering Items 

~ 
/' ~ 

Fig.23.9. Rail testing equipment in use by the Deutsche 
Bundesbahn (Bundesbahn Zentralamt, Minden) 
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Fig. 23.10. Probe arrangement for testing rails with the rail tester of the Deutsche Bundesbahn 

flaw detector. According to Fig. 23.10 a 2-MHz normal TR probe and a pair of TR 
angle probe can be switched on alternately. Water for use as coupling liquid is con
tained in a tank of severallitres. The normal probe detects cracks at fish-plate bolt 
holes, quasi-laminations in the head and also cracks in the web. Transverse cracks 
are detected by the pair ofTR angle probes and are indicated as travelling echoes, if 
the unit is moving. The angle of 70° has been chosen because shatter cracks, the 
most dangerous, are usually inclined at about 20°. Because both inclinations 
(±200) occur, a double angle probe indicates both. Based on experience with man
ual testing the DB has built an ultrasonic testing train (Figs.23.13 and 23.14) which 
inspects the whole German rail track once a year. 

The rail testing car contains additionally a pair of 35° angle probes in pitch and 
catch technique, as Fig.23.11 shows. 

Figure 23 .12 explains the screen picture obtained with some typical rail defects. 
The viewing screen shows the simultaneous echoes of the three probes. Characteris
tic of all defects of appreciable extension in the longitudinal direction is the ab
sence of the bottom echo. 

Since the annual routine testing of the track has been carried out by the rail 
testing car, the additional use of the manually operated device is restricted to criti
cal sections of the track, as for example in tunnels, on bridges and in stations. The 
operator using this instrument has to give a written report about defects found and 
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Fig. 23.11. Pair of 35° angle probes mounted 
on rail-testing train, in addition to the probe 
assembly according to Fig. 23.10 

~ H'J 

Fig. 23.12. Indications of various rail defects by perpendicular and oblique testing 

the speed of testing is on average 5 to 6 km per day (2 rails), depending, however, 
on the traffic density and the frequency of defects. 

Since 1975 the rail-testing train as shown in Fig. 23.13 has been in ,.".: [368]. 
Regarding the earlier design see [984, 366]. It consists of three cars, of which the 
middle one contains the testing equipment. The two outer ones contain the diesel 
engines and also house the crew for sleeping and living and contain lavatories and 
kitchen, the accomodation is thus comfortable even for longer trips. 

Beneath the middle car the testing carriage is suspended, containing the pairs of 
35° and 70° angle probes and the normal TR probe as mentioned above, one set for 
each rail. These can be raised or lowered hydraulically either separately or together 
with the testing carriage. For each rail two ultrasonic probes are arranged addi
tionally directing air-borne ultrasound onto the transition between foot and web to 
detect welding beads. 

The 35° angle probes are switched in parallel, so that each receives the pulse ori
ginating from the other after reflection at the bottom face and in addition echoes 
from fish-plate bolt holes, oblique cracks from the holes and transverse cracks in 
the foot provided they reach under the web. 
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Fig. 23.13. Ultrasonic rail-test
ing train of the Deutsche Bun
desbahn (Bundesbahn Zentral
amt Minden) 

Fig. 23.14. The electronic equipment and the control 
panel in the ultrasonic rail-testing car 

Fig.23.1S. a Record of the rail-testing train at two defective rail joints; b reconstruction of two 
cracks based on the record, marked by circles (Bundesbahn Zentralamt, Minden) 
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The coupling face is made from plastic and has only to be changed after several 
thousand kilometers. The several cubic metres of coupling water required for the 
daily testing distance of 200 km is contained in a tank. 

The flaw detector electronics (Fig.23.14) is arranged in the middle car above the 
test probes. Each of the probes is connected to a separate CR tube which can be ob
served by the operator. By glass windows in the car floor, the probes themselves can 
be seen. 

Echoes greater than a predetermined limit are fed to the recording unit and are 
indicated on CR tubes by luminous points on the non-visible base line (see also 
Fig. 10.26). All these records are photographed on 35-mm paper (Fig. 23.15). The 
transport of the photographic paper is coupled to the speed of the car in the ratio of 
1 :100. An observer operates a recording device at each km post for marking the re
cord. In addition continously recorded I-m distance marks facilitate the locating of 
a defect with an error of ±2 m. The distance of one defect from another, or from a 
local indication of a bore hole or a weld in the rails, can be measured with an error 
of less than 10 cm. The practical testing speed is about 50 km/h (14 mls) at 
which defects of an eqivalent size of 3 mm can still be indicated. Sufficiently good 
coupling is possible up to 80 km/h, but the distance between successive pulses then 
gets too large for reliable testing. For travel between test sites the train can run at 
140km/h. 

The yearly track coverage of the train is about 40000 km. Within the FRG it is 
used for routine tests of 10 500 km twice a year, a further 13 800 km once a year and 
for 2200 km every second year. The surplus time is used for testing trips in the 
neighbouring countries. The earlier test train was in use for nearly 20 years at a 
30 km/h testing speed, covering 120 to 150 km daily, and an overall performance of 
348000 km track and a total distance of 560000 km. 

In Great Britain a rail-testing train has been built in collaboration between Brit
ish Railways (BRB, Chief Civil Engineers Department) and Wells-Krautkramer Ltd. 
It was designed to the requirements of British Railways and was based on the same 
test and recording system [1741]. The testing speed is about 30 km/h, and record
ing is carried out on commercial 35-mm photographic film, which compared with 
the paper used in Germany has the advantage of being developed by commercial 
companies. For this test train the Harwell NDT Center has undertaken develop
ment work to enable evaluation to be done in the train by a computer, thus saving 
film development and visual evaluation at selected centres [507]. Though an on
line defect evaluation system with a printed list of defect position, type and size 
would be desirable, up to now the method has not yet found full approval in prac
tice. 

In other countries as for example Hungary, France, Japan, Argentina and Aus
tralia similar, but sometimes also much simpler cars for automatic testing of rails 
in track have been built, combining ultrasonic testing with eddy-current methods 
[1543, 769, 1742]. 

Used rails which are overhauled in the workshops and welded together to full 
lengths for reuse, are preferably first subjected to automatic testing by ultrasonics. 
Stationary rail testing benches (see Fig. 23.16) were designed specifically for this 
purpose of which several ones have been in use since some years. Basically, the 
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Fig. 23.16. Stationary test installation for used rails in a rail depot of the Deutsche Bundes
bahn 

Welded joint 

---
Fig. 23.17. Testing welded rail joints 

same method is applied as for testing rails on the track, with the simplification, 
however, that the rails ends are disregarded because they are invariably cut off. 

In the test procedure the rail is transported on a roller bed through the test 
bench in an upright position. Frequently the test bench follows immediately after 
the planing machine in which the head of the old rails is machined. The approach
ing rail actuates a contact roller which controls the position of the probe assembly 
consisting of two 75° angle probes facing in opposite directions, and one normal 
probe. Any defects in the rail head or the web actuate a position-true colour-mark
ing device directed against the web by means of auxiliary monitors. When the end 
of the rail is reached the probe assembly is lifted of automatically. The maximum 
testing speed is about 1 m/s. 

For a general survey of rail-testing methods used in different countries see [367, 
179, 135, 768, S 20, S 21]. 
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End-to-end connection of rails is usually carried out today by welding to con
siderable lengths. In the workshop electric-arc butt welding is usually used, but on 
the track rails are joined by therrnit welding. The most dangerous defect is lack of 
fusion, because its area extension will always be perpendicular to the rail length. 
Because such planar defects reflect an ultrasonic wave speculady, a test carried out 
with a single angle probe can be useless. Figure 23.17 shows the technique of the 
DB, a double-probe technique using 45° angle probes in the pitch and catch ar
rangement. Another arrangement, as in Fig. 5.14b, has been used by Farley [428], 
working exclusively from the smooth and clean mnwing surface, testing simultane
ously the head, the web and those parts of the foot beneath the web. For the thin
walled web and foot of the rail 70° angle probes can be used as in Fig. 23.17. 

Points, or switches which are a critical part of the track usually consist of cast 
manganese steel, which cannot be tested reliably even with highly damped probes of 
low frequency (0.5-1 MHz) because of its coarse grained and anisotropic struc
ture. 

23.3 Miscellaneous Railway Material 

Railway wheels are made in two different designs: monoblock, cast complete in 
steel, and forged steel tires shrunk on to a cast central portion. In some railway 
companies an acceptance test for production defects in the tires is obligatory and 
in this case, as shown in Fig. 23.18, the central volume of the tire, excluding the ou
ter 15 mm layer, is checked in two perpendicular directions. The mechanized in
stallations use 2- or 4-MHz probes including some 30 x 6 mm rectangular crystals. 
The working sensitivity is adjusted by using two artificial defects, in the form of 
2-mm diameter flat bottom holes. 

In cast steel monoblock wheels the transition zone between tire and wheel body 
is also tested as illustrated in Fig.23.19. To detect casting defects which do not give 
good direct reflections, some geometrical echoes are observed for their amplitude. 
These come from mode-changing reflections at the radiused transitions from the 
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Fig. 23.18. Testing of forged tires for railway wheels 
Fig. 23.19. Additional test of the transition zone in cast railway wheels 
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tire to the wheel body. The equivalent defect size for acceptance is chosen between 
2 mm (for high-speed traffic) and 5 mm, but the ultrasonic test of the wheel disc it
self is difficult and of questionable value therefore. 

For the in-service inspection of railway wheels, tires are occasionally tested 
manually by a normal probe of 2 or 4 MHz operating from the side face. 

The rolling faces of tires are stlmetimes subject to radially oriented cracking 
caused by local overheating during braking. They can exist in fairly large numbers 
but because they are only shallow they are not usually detrimental. However, they 
can occasionally be deflected into a circumferential direction and can lead to sec
tions of tire breaking out. In the USA, Australia and recently also in Germany 
techniques to fmd them by using very low-frequency Rayleigh waves, propagating 
along the rolling face have been tried [178, 771, S 146, S 190 (paper 63)]. 

For the tests in Germany [1317] piezo-electric transducers have been replaced 
by electrodynamic ones, which are built into the rail head. The problem of distin
guishing small cracks from deep ones has been solved by choosing different fre
quencies between 100 and 400 kHz (Fig. 23.20). 

Sometimes after the overhaul of tires by the deposit of new metal and welding 
and re-machining the running face, a check is done for any remaining radial cracks 
using 45° angle probes as in Fig. 23.2l. 

The shrink fit of roller-bearing rings is checked successfully by the DB as shown 
in Fig. 23.22 [1358]. Using 4- or 6-MHz probes the echo amplitude from the pres
sure joint is observed, the smaller the echo the better the joint, cf. Section 29.5. 
Sound is also transmitted through the joint so that two multiple-echo sequences ap
pear arising from the nearer joint as well as from the far one. For sensitive testing 

Fig. 23.20. Test of the rolling face of a railway wheel for 
transverse cracks by Rayleigh waves according to Bray 
[178] 

Fig. 23.21. Testing for transverse de
fects by angle probes from the inner 
side of the tire 
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the fifth echo from the first joint is chosen for observation. The fmal backwall echo 
is not used because it is affected by both shrink fits. The overall assessment of the 
shrink fit is based on 400 individual measurements around the circumference. 

Testing the shrink fit of tires has not so far been successful, mainly because the 
rolling face from which the test could be performed is not parallel to the pressure 
joint face. 

The outer rings of roller bearings are also tested for very small areas of damage 
to the rolling face, for example lost metal chips only a few tenths of a millimeter 
deep and with an area of some square millimeters [367]. For this purpose a probe is 
coupled to the outer surface of the ring using an immersion technique in a bath of 
oil. The usual long sequence of multiple echoes from the ring thickness is much 
disturbed by small irregularities on the inner surface. Here the amplitude of the 
tenth echo is used for evaluation tests. 

Further railway equipment applications include the successful test of porecelain 
insulators for cracks and porosity (see Section 32.1). Other miscellaneous applica
tions such as couplings, welded plates, plain bearings and wall-thickness measure
ment are treated in their respective chapters below. 

T S, 

Fig.23.22. Testing of the shrink fit of roller-bear
ing rings. T transmitter pulse; SI echo of first 
shrink fit; S2 echo of second shrink fit, B back-wall 
echo, M measuring echo of shrink-fit quality 
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Test problems for plate are mainly concerned with production testing. However, 
there are a few applications arising from in-service stresses and working conditions. 
These will be dealt with first. 

In-service cracks almost always occur normal to the plate surface. This applies 
for instance to corrosion-fatigue cracks caused by caustic embrittlement, cracks at 
rivet holes, or fatigue cracks in flanges, webs and stiffeners. If the direction of prop
agation of the cracks is known approximately, they can easily be found by using 
zigzag transverse waves, and if the surface is good, also by means of surface waves. 
For cracks at rivet holes, see also Chapter 29, and for corrosion and thickness deter
mination on plate see Section 33.l. 

The testing of plate for manufacturing defects is very diversified, which is not 
surprising in view of the many different uses made of plate in industry, and the re
sultant varying significance of plate defects, the diversity of the defects according to 
their nature, shape, position and size, and the wide range in plate thickness from 
1 mm to more than 100 mm. Consequently, in this field all the known ultrasonic 
testing methods are used to a wider extent than in almost any other application. 
Classification into medium and heavy plate for thicknesses above about 4.5 mm 
and sheet and strip for thicknesses less than this, seems practical in view of the dif
ferent problems involved but the demarcation line is fluid. 

24.1 Medium and Heavy Plate 

If at any time during the production cycle the slab, as the preliminary stage in the ma
nufacture of plate, is available in the cold state, it can be tested in order to elimi
nate serious defects which would subsequently appear in the rolled plate. This test 
is, however, controversial because on the one hand small flaws in the slab can be 
forged together during rolling, and because on the other hand segregations which in 
the slab are still closed may be opened up during rolling [1477]. Furthermore lami
nations can be introduced in the plate during rolling so that testing of the finished 
plate must be carried out in any case. Consequently, slabs are mainly tested only for 
extended primary pipe, and further perhaps only as a quality-control measure by 
means of which pieces with a large number of indications can be eliminated. 

The surface is cleaned by flame-scarfing or rough milling and then tested at var
ious points by means of 2-MHz normal probes using a liberal application of oil, wa
ter or paste. In the case of automatically flame-scarfed surfaces, the quality is suffi-
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Fig.24.1. Testing of IS-mm plate with different flaws by the pulse-echo method and by 
through transmission 
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ciently good for continuous scanning with water-gap coupling as in Fig.lS.l0. A 
continuous slab-testing installation has been described by Silber [1412]. 

Heavy and medium plate may contain defects showing all transitional stages, 
from the finely distributed layer of inclusions which is partially permeable to ultra
sound, to individual inclusions lying singly or together with others in a layer or in 
several layers, or to open laminations with no mechanical cohesion. Since they ori
ginate from central piping, true laminations are usually located at the half-plate 
thickness. Their extension in the plane of the plate largely depends on the rolling 
process. A slab rolled not excessively in both directions produces heavy plate in 
which top and secondary piping extend ribbon-like through the middle zone, wher
eas other defects show no preferential direction of extension. The extreme case con
sists of strip which may contain flaws extending for several metres in the rolling di
rection. These may, however, be only a few millimetres wide and the testing 
method should make suitable allowances. 

Figure 24.1 shows screen pictures obtained with the pulse-echo and through
transmission methods. Contact testing with a probe of about 4 to 5 MHz has been 
used with a near-field length considerably in excess of the plate thickness. 

The flawless plate produces a long echo sequence (a) and an intensity which is 
adjusted to 100 %. A flaw with an area considerably smaller than the area of the 
probe produces small intermediate echoes (b), while the intensity drops slightly. Be
cause of the unavoidable coupling fluctuations, this drop in intensity cannot be re
garded as a reliable indication of a flaw. For both methods, the indication becomes 
more distinct if a smaller probe is chosen, but only as long as its near-field length 
does not become small compared with the plate thickness. A flaw whose area is not 
much smaller than the area of the radiator produces echoes which are comparable 
with the still visible back-wall echo (c), while the intensity drops markedly. A pro
nounced lamination produces an echo corresponding to that of a plate of half the 
thickness (d), because the lamination is usually at the centre. In the case of a wide 
open air-filled lamination, the echo sequence may again be very long. Usually, 
however, the flaw eliminates a portion of the echo sequence, especially if it is filled 
with slag. In this case only a short echo sequence of half the plate thickness is ob
tained. In the case of through transmission, zero intensity clearly indicates a separ
ation. In the case of a multilayered defect the various flaw echoes interfere with 
each other (e). In addition, the sound is then usually attenuated considerably. With 
through transmission the indication is also zero. 

When using the pulse-echo method on thin plates the flaw indication may not 
be observed but only the disappearance of the long and regular echo sequence ex-

Fig. 24.2. Testing plate with zigzag transverse waves 
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pected from a flawless plate. The lower thickness limit for this method applied to 
steel sheeat is reached at about 2 mm for frequencies around 5 MHz but there is no 
upper thickness limit. On the other hand, the through-transmission method has no 
lower limit but in practice an upper thickness limit is set by the size of the smallest 
flaw to be detected. 

In addition to the two methods mentioned above it is also possible to test by 
means of plate waves according to Fig. 24.2. Particularly favorable results can be ob
tained if the frequency and beam angle are chosen in such a way in relation to the 
plate thickness that the cross-section of the plate is completely filled by the sound 
waves reflected back and forth (so that they form a plate wave). This method was 
tried out first with frequencies above 1 MHz for sheet, and has produced satisfac
tory results also for plate above 10 mm, using 0.5 to 1 MHz. On defect-free plate it 
is possible to obtain a distinct edge echo over a width of 4 m. Adjustable angle 
probes are used for this purpose, the angle being determined empirically to give an 
optimum edge echo. 

Since the three methods respond differently to various types of defect, they have 
proved to be variously successful in practice for testing plate according to different 
requirements. The pulse-echo method gives the most complete information, but 
only if the plate is scanned completely, point by point, which owing to the time re
quired can be considered only in exceptional cases, automation being possible to 
only a limited extent. The sound-transmission method is reliable in the case of 
complete laminations (cases d and e), (Fig. 24.1), but less so for areas with clusters 
of inclusions (cases b and c), particularly where many small inclusions occur pre
dominantly in the center plane. These, however, can be detected readily by plate 
waves using the echo method and the viewing screen then shows a "beard" of stray 
echoes whose position and width correspond fairly accurately to the flawed area. 
Provided the affected zones are not too wide, and the inclusions not too coarse, the 
wave is still strong enough behind this zone to indicate other flaws and also the 
plate edge so that a complete display of the tested strip is obtained on the viewing 
screen. In the case of complete laminations, particularly smooth laminations in an 
otherwise sound plate, the indication is limited mainly to the point of incidence at 
the edge of the flaw. Its width is then no longer recognizable and the edge echo the 
plate also disappears. This attenuation of the wave can, however, be compensated 
electronically by using a distance-amplitude corected gain. 

Occasionally flaws are detected in fillet-welded-joints and angle joints [1028, 
199], which manifest themselves as small cracks appearing in the plate material 
next to the welded joint in the heat-affected zone. The cause is found to be finely 
distributed slag inclusions in the plate and the flaw is described as "lamellar tear
ing". 

Long ago, Meyer [1028] proposed sound-attenuation measurement at 6 or 
12 MHz for plates containing this type of flaw, areas of higher attenuation indicat
ing their presence. Usually inclusions which show themselves by increased sound 
attenuation can be detected also with TR probes using high gain. However, accord
ing to unpublished investigations by Frielinghaus not all inclusions which cause 
lamellar tearing can be detected by their echoes. Depending on the nature of the 
manufacturing process, some plates have reduced transverse tensile strength but 
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show neither increased sound attenuation nor any other properties detectable by ul
trasonics when compared with defect-free plates. 

When testing large plates in steel mills which, in earlier times, was mostly done 
by hand, the evaluation by sampling therefore was only statistical. The plates 
were tested along narrow strips or at points of a grid. For a plate of 4 x 10 m con
taining few defects, and test strip separation width of 200 mm, the testing time is, 
for example, 20 min, i.e. 0.5 min per square meter. If a large lamination is found, 
its outline is fully traced and recorded, otherwise a code number is entered for the 
echo height relative to the bottom echo along the scanned strip, e.g. 1 for small 
readings, 2 and 3 for readings of the order of the bottom echo, or greater, respec
tively. The theoretically possible case that a large lamination could just fall inside 
the mesh of the testing grid and fail to be detected while the rest of the plate would 
be sound, is practically impossible. A flaw never occurs alone, and tests using grids 
of different density and different orientation have led to practically the same over
all evaluation of a given plate. 

This geometrical sampling method of testing is suitable only for plate whose uti
lization does not require closer examination at certain points. If, however, boiler 
plate is involved, the user will find it desirable to have selected areas tested more 
closely, where for instance tubes are to be welded in, specifying the maximum per
missible flaw. A similar procedure is adopted by the Deutsche Bundesbahn for the 
acceptance of flange sheets for railway bridges to which web sheets are to be fillet 
welded. At such points, because of the welding and the transverse stresses produced 
by the crosspiece, a given flaw is far more serious than on an unencumbered plate. 
The test specification should therefore make allowance for these special local re
quirements. 

Plates to be used for large-diameter welded pipelines are subjected to special 
tests of the plate edges. The longitudinal edges of such plates, intended to be 
welded into pipes with longitudinal or spiral joints, should therefore be defect-free 
and thus prevent flaws appearing in the joint during welding. Sections of pipe with 
longitudinal seams are welded together on site using the transverse edges of the plates, 
so that it is necessary to test the transverse edges also. The total edge test usually re
quires that a strip 50 mm wide is covered completely. The "Conditions of supply of 
steel/iron for ultrasonically tested plate" (SEL 072-69) prepared by the VDE in Ger
many, specify in addition to the general area test also an edge test. (cf. also "Classi
fication of ultrasonically tested heavy plate" and "Classification of heavy plate, 
tested ultrasonically in the edge zones" [1751]. 

The wear and tear on probes when used for contact testing by hand is consider
able and can represent an appreciable expenditure so that better results have been 
obtained using coupling by means of a water gap, for instance when using the plate 
tester illustrated in Fig.15.l0. 

In the case of plate thicker than 20 mm, the alarm can be triggered directly by 
the intermediate choes of a normal probe but in other cases a TR probe can be used 
in the plate tester, flaw echoes also being indicated automatically in plate as thin as 
5mm. 

The plate tester of Fig.24.3 uses five TR probes of 4 MHz for simultaneously 
testing five strips having 60 mm distance. By oblique positioning of this array the 
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Fig. 24.3. Five-channel plate tester (design 
Krautkriimer) 

separation distance can be effectively reduced. The probes are operated by a multi
plexer and miniature flaw detector mounted on the trolley and are surveyed by 
monitor gates. 

An installation of similar type has been used by Bethlehem Steel, USA, to 
check a 450-mm strip using 18 probes, connected by cable to a stationary ultrasonic 
unit. 

Automatic testing devices not only save time but can also evaluate the result ac
cording to a given program and provide documentation. A number of them of 
different detailed designs have been used for many years but they differ regarding 
the test method, the scanning program and the evaluation of data. Firstly there 
has been the through-transmission method with coupling by free water jets. Then 
there comes the pulse-echo method with TR probes and water-gap coupling. Some 
heavy-plate testing installations are designed to test separate cut plates in which 
each plate stops, and one or several probes check the face and the edges according 
to a program (e.g. first testing of all four edges, then scanning of the face of the 
plate along a meander). Most installations, however, are designed as "transit tests", 
the plate being tested on a roller bed during normal transport at testing velocities of 
1 mls and higher. The probes are arranged in the form of a comb and in some in
stances the testing comb oscillates transversely to the rolling direction in order to 
improve the detectability of long narrow flaws. 

The first heavy-plate testing installation using the sound-transmission method 
and moving plate was described by Holler, Dick and eechky [675]. 

A testing installation developed by Krautkramer also uses the transmission 
method but with free water jets of approximately 75 mm length for coupling. Here 
no mechanical parts touch the plate which is transported on a roller bed. The gap 
bridged by the water jets (total 150 mm) also largely prevents any damage to the 
testing installation by projecting laps or bent ends of the plates. Although com
pletely uncut plates can theoretically be tested in this way, in practice continuous 
tests are only carried out on precropped plates. Figure 24.4 shows a section of an 
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Fig. 24.4. Section of an installation for testing heavy plate, 
using free water jets (Krautkriimer) 

experimental installation which clearly indicates the testing principle. In order to 
prevent any cross interference from one test point to another they are spaced 
100 mm apart. If in practice a greater density of testing tracks is required, (say at 
50-mm separation) the test points can be staggered in two rows. 

The method of linear testing applied as "whole-plate test" which has been de
scribed has of course a statistical character. With a water jet of approximately 8 mm 
diameter and the test tracks spaced by 100 mm, 8 % of the total plate surface is 
tested, and in the case of tracks spaced by 50 mm the sample is 16 %. 

Figure 24.5 shows such an installation with free water jets which has three extra 
testing elements arranged in front of the test comb to measure automatically the le
vel of sensitivity at which the plate must be checked, to obtain uniform results for 
all plates. The required level depends on the individual surface quality, on the tem
perature of the material, and also somewhat on the thickness. To avoid making a 
correction measurement on a defective spot, the three probes are distributed over a 
full width of more than 1 m. The automatic control of the test sensitivity is based 
on the maximum measured by anyone of these three test tracks [870]. The compu
ter for the evaluation is housed in another part of the building. 

An interesting feature of coupling via free water jets is that by this method plate 
can be tested at temperatures up to approximately 250°C and more recent tests on 
35-mm plate found that adequate coupling can still be achieved up to almost 
300°C. 

Compared with contact testing, a testing installation using free water-jet coup
ling has the disadvantage of high water consumption (about 20 Ilmin, per test 
point). A portion of the coupling water can, however, be recycled provided the very 
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Fig. 24.5. Testing installation for heavy plate, feeding side. On the right the pilot probes ; at 
the top the control cabin (courtesy of Hoesch-Hiittenwerke, Dortmund-Hoerde) 

Fig. 24.6. Test installation for heavy plate using broad-beam TR probes from beneath (design 
Krautkramer, courtesy of Dillinger Hiitte, Dillingen) 

dirty water is adequately filtered. Small particles of less than 0.2 mm in diameter, 
provided not too many accumulate, do not interfere and it is therefore not neces
sary to use drinking water. 

A second testing method, with TR probes and water-gap coupling, is used in 
some other installations. In the "cut-plate testing installation" of the Hiittenwerke 
Oberhausen the plate remains stationary. The main surface testing along a mean
dering line, combined with a test of all four edges, provides the test results in the 
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Fig. 24.7. Probe manipulators for the installation in Fig. 24.6 

form of an evaluated C scan. In this unit the correct monitor gate position is prese
lected by a computer, which also stores the different delay-line lengths of all TR 
probes so making it possible to compensate the different wear of each delay line. 
The computer also controls the entire testing process according to a preselected 
programme. 

A more modern installation shown in Fig. 24.6 uses the same principle but test
ing from beneath, with three rows of 32 probes each, staggered to obtain a testing 
density of 100 %. The 3 times 32 probes are applied in preselected groups by hy
draulic manipulators (Fig. 24.7). The evaluation chart produced by the computer 
(Fig. 24.8) will be discussed below. The testing speed is 24 m/min. 

Figure 24.9 shows a Japanese installation using TR probes with a testing speed 
of 3.5 m/min. 

Fig. 24.9. Test installation for heavy plate up to 80 mm thick using TR probes from above (de
sign Mitsubishi Electric CorP., courtesy of Nippon Kokan CorP., Japan) 
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The Flaw Evaluation 

The large number of test points, usually 60 to SO, for the standard plate widths of 3 
to 4 m, require special evaluation methods. The simplest way is by a C scan of the 
plate, in which all test traces are written by a multiple recorder (Fig.24.S). The scale 
reduction in the longitudinal direction is usually about 20 : 1 so that for a maxi
mum length of plate of 30 m, a record 1.5 m long is produced. From this record the 
decision has to be made where to cut the plate and how to classify it according to 
the specification of the "Technische Lieferbedingungen fUr ultraschaUgepriifte 
Bleche" in which 10 x 10 mm defects have already to be considered, so that the 
length of the record cannot be further reduced. Therefore further reduction has 
been made by using digital printers, giving numbers and symbols, classifying the 
whole plate. Such an evaluated C scan is produced in the following way. 

Each longitudinal trace is divided into separate 10-mm lengths (subsections) 
and ten of these are taken together as one recording section. If at any position in a 
recording section a defect is indicated, a number is printed which indicates how 
many defective adjacent subsections have been detected within this recording sec
tion. If several groups of adjacent defective subsections have been detected, the lar
gest number is printed. The groups of such numbers give a position-true image of 
the plate. If a particular plate is found to be unacceptable for one order then the 
computer can look through other orders to find one for which the plate, after cut
ting, can be used. The computer automatically then gives the order to produce a 
substitute plate. 

The computer and recorder of the installation in Fig. 24.6 gives a result as in 
Fig. 24.S, making a point for each defective recording section. On the leading edge 
CD it shows a defective spot on seven traces, but this will be subsequently cut off. 
In addition a larger defect is to be seen at 1.50 m from the leading edge. Finally 
near the rear edge CD (not yet cut om some scattered areas of lamination are to be 
seen. All defective spots are totalled up CD, @ in the length as well as in the width. 
From this result the general classification of the plate is computed. Simultaneously 
on the trace numbered ® the thickness is measured and in addition coupling con
ditions and/or probe failure is indicated. 

Plate-Edge Testing 

For cut plate or strip to be used for the manufacture of large-diameter pipes, free
dom from flaws at the edges is of particular importance because of the subsequent 
welding process. Therefore in addition to the above-mentioned general plate-testing 
installations, so-called plate-edge testing is simultaneously in use, using both meth
ods i.e. water-jet through-transmission or TR-probe water-gap testing. Figure 24.10 
shows one of the latter design. Usually an edge zone of 50 mm width is checked 
100 % by a combination of several broad-beam TR probes (see also Fig. 10.50). As 
can be seen in front of the probe assembly colour-jet pistols are provided for mark
ing defective areas of the plate. 

Another requirement on the raw material for large-diameter pipe production is 
the absence of subsurface laminations. For this type of defect the methods men-
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Fig. 24.10. Plate-edge testing installation (design Krautkriimer, courtesy of Italsider, Taranto, 
Italy) 

tioned above fail if the plate is tested by pulse-echo from the opposite side. Schlus
nus [1353] has used a wall-thickness meter using shock waves for high precision 
and it indicates these laminations by showing a thickness somewhat lower than on 
defect-free areas. Laminations very close to the back-wall can be found also when 
scanning, by discriminating between slowly varying wall thicknesses and sudden 
changes. Even laminations of 0.4 mm distance from the back-wall can be found by 
this means. 

Comparison with Other Test Methods 

If one compares the results of ultrasonic tests on metal specimens with chemical or 
semi-destructive methods, it must be said that exact agreement with the Baumann 
or sulphur print cannot always be found, mainly because closed segregations are 
usually not indicated by ultrasonics. Sometimes also a grooved reverse bend test is 
contradictory, when it fractures with smooth separations which give no ultrasonic 
result. In a plate of a 1 % manganese steel no ultrasonic echoes were found but it 
had a very pronounced layered structure and the transverse tensile strength was 
much reduced. After further heat treatment no differences could be found indicat
ing that no real physical separations had been present. 

In this connection other ultrasonic tests on a 13 % manganese steel plate should 
be mentioned in which only a few indications were found at a temperature of 80°C, 
but many more after further cooling. The cause was segregations which only opened 
at low temperature, as distinct from real laminations which are already open at 
higher temperatures. 

In the field of light-metal alloys the above observations cannot be applied sim
ply. Light-alloy ingots in the cast state can be tested quite easily and it is useful to 
use for this purpose the milled surface produced prior to rolling. The demands from 
the aircraft industry for defect-free final products such as thick plate and continu
ously extruded profiles are much more critical, and hence ultrasonic tests on the fi-
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nal product must be much more sensitive and complete. In the USA large iromer
sion-testing-technique installations have been built incorporating automatic 
scanning and remote control of the probe manipulator in two horizontal, one per
pendicular and two angular coordinates. Horizontal scanning is carried out at 
about 0.5 mls and the tank with dimensions of 4 x 16 m can receive single speci
mens up to 20 t in weight using a hydraulic lifting mechanism (Curtiss-Wright). 

Such large sections of aluminium plate are first automatically scanned at a 
speed of 2 to 3 m2/min by using a broad-beam probe 120 rom wide. By using a guid
ing mechanism on the surface the probe is always kept to the correct alignment on 
the surface of wavy plates. Any defect greater than a certain minimum echo height 
is indicated under water by a lipstick. Subsequently a small probe is used to evalu
ate exactly the flaw position and size, comparing the echo received with those from 
test blocks with flat bottom holes. 

Oblique defects can also be evaluated by tilting the probe and because these 
materials usually contain only very few defects the complete test can be completed 
within a reasonable time. 

For specifications and acceptance standards for steel and aluminium products 
see Chapter 34. For more information about heavy-plate testing see [998, 999, 867, 
868, 1222, 698, 1192, 139, 143, 104~ 101, 108~ 143~. 

24.2 Strip and Sheet 

The testing problems relevant to the inspection of strip and thin sheet material and 
their solutions differ greatly according to the fabrication and contract requirements. 
An example in which a partial test which covers only a few tracks in the longitudi
nal direction is sufficient, is the edge test of strip. In the manufacture of large-di
ameter pipes from strip by automatic longitudinal or spiral welding, no laminations 
are allowed at the edges, even if they penetrate only a few millimetres. Testing 
along the edge, however, is much more difficult than in the body of the sheet. If the 
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Fig. 24.11. Testing the edges of strip, diagram of probe positions 
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strip, prior to welding, passes through trimming shears which prepare the edges and 
in addition cut off a narrow strip of metal it is recommended that the test is made 
on a slightly wider track within which the subsequent edge will be located 
(Fig.24.11). Provided the thickness is greater than 6 mm, TR probes can be used 
too and the test conditions are more favorable than with plate edge testing. Because 
of the considerable length of the strip readjustment to other strip dimensions is 
only needed at long intervals and can be made manually. 

The TR probes mounted in sled-like holders are usually lowered onto the strip 
from above and coupled by flowing water. Monitors indicate the appearance of flaw 
echoes by means of signals but in this case there is no point in applying position
true color markings to the top surface of the strip because flawed sections cannot be 
cut out in this continous production process. The strip is usually marked therefore 
from below preferably as permanently as possible (e.g. by grinding) so that the flaws 
can be identified after rolling and welding on the outside of the finished pipes. 
Flaws in the edges of the strip usually cause a defective welded seam which can 
therefore be checked close to the points marked on the strip. At this stage it can be 
decided whether the affected section of pipe should be eliminated. 

Below a strip thickness of 6 mm, which is the lower application limit for TR 
probes, the through-transmission metho~ can be used with an immersion tech
nique. Here, instead of simple sound-intensity measurement (as for instance when 
testing rolled plate with free water jets, see Section 24.1) the pulse transit-time 
method is used. This is made possible by staggering the probes in such a way that 
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Fig.24.12. Testing of strip and sheet with 
the pulse transit-time method by sound 
transmission, using the immersion tech
nique. 
a "Double-sound transmission", sound 
beam normal to plate, intermediate echoes 
(ZE) and reflector echo (RE) broadened by 
multiple reflections; b "double-sound trans
mission" with inclined plate: the interme
diate echoes which interfere in the case of 
a and the broadening of the echo are 
avoided; c "single-sound transmission" 
with 10 parallel tracks, lamination indica
tion by 2 tracks; d "double-sound trans
mission" with 5 parallel tracks, lamination 
indication on track (4). (A) = first repeti
tion echo of reflector indication on track 
(1) 
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the sound-transmission readings of several scanning tracks are presented next to 
each other on the screen, which are then evaluated by separate monitoring gates 
(Fig. 24.12). 

One variation, the "double-sound transmission" (Fig. 24.12 d) in which the echo 
height of a reflector mounted under the sheet is used has proved much more efiec
tive for locating small flaws than the simple sound transmission of Fig.24.12c. It is 
advisable to incline the probe-reflector assembly relative to the surface of the sheet 
in order to avoid broadening of the echoes due to multiple echoes from the sheet. 
Several testing tracks monitored on a CR screen by adjacent indications can be re
corded separately in this way. The maximum number of tracks which can be 
checked simultaneously by a single flaw detector unit in the case of the "single
sound transmission" is approximately ten, and in the case of the "double-sound 
transmission" approximately five because of the more critical reflection conditions 
which in tum depend on the track density. 

In practice the immersion technique described is applied by passing the strip 
through a "transit-testing tank". This tank contains the probes and reflector 
mounted in a frame which is inclined relative to the strip. The entrance and exit 
slots of the tank have suitable flexible seals so that the loss of water is reduced to a 
minimum and submersion of the probes ensured. 

For a simple edge test of the strip several water-jet coupled probes have been 
successfully applied. In general, however, a complete test of the strip using longit
udinal multiple test tracks, irrespective of whether the test is carried out by the re
flection method with TR probes or by sound transmission, is not justified because 
the flaws are usually elongated and very narrow, which makes it very probable that 
they could be situated between adjacent testing tracks. In addition the required 
testing velocity can be higher than 2 mis, so that the testing density even with oscil
lating probes is insufficient. Therefore, for rapid testing of strip, the zigzag or plate 
wave method is used in which, according to Fig. 24.2, the entire plate can be covered 
merely by testing along one edge. Against this advantage must be considered the 
shortcoming that the flaw echo is no longer correlated quantitatively to the size of 
the flaw. Moreover it cannot be guaranted that the transmitted mode is being re
flected as the same mode by a machined rectangular edge and by a natural defect. 
Generally the same mode as transmitted can only be received by an equal probe af
ter through transmission. Because of the different velocities of other wave modes 
generated by conversion at an edge or even from a defect, measuring the distance 
~an give wrong results. Only the same mode as transmitted seems to have been re
flected in Fig. 24.14 and in Fig. 24.13 a, c, d and e. On the other hand Fig. 24.13 b 
shows a mixture of several modes reflected from the edge. For the theory of reflec
tion of plate waves see [S 187]. 

In practice, any beam entrance angle may be used, but in thinner plate, where 
the zigzag reflections in the cross-section of the plate overlap increasingly (as in 
Fig. 24.2 towards the right ), it is found that strong energy transmissions are obtain
able only with particular beam entrance angles that produce the so-called plate
waves. Figure 24.13 shows the echo from a plate edge for different beam entrance 
angles. It is always to be expected that at sufficiently high gain different wave 
modes may appear simultaneously. If their velocity exceeds that of the wave with 
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Fig. 24.13. Plate waves of 4 MHz in 1.1 mm 
thick steel sheet. Echoes of edge at different 
angles of incident transverse wave (cf. Diagram 9 
in Appendix) : a IX = 20° (type S2); b IX = 34° 
(type Sl ?) ; c IX = 43° (type al) ; d sin IX = 1.05 
(type so); e sin IX = 1.1 (type ao). Compared with 
Diagram 9, small deviations of the propagation 
speed caused by differences in texture may oc
cur. The test parallel and transverse to the direc
tion of rolling may therefore require slightly dif
ferent angle adjustments 
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the predominating amplitude, they can easily be mistaken for flaw echoes, which 
arrive before the edge echo. Two possibilities exist for checking this situation. For 
frequencies of 2 MHz and higher, plate waves can be damped by the fingertip, so 
that if a doubtful echo can be damped in this way along the entire wave path up to 
the edge of the plate, it is merely the edge echo from an unwanted wave. As a fur
ther check it can be noted that the distance of the doubtful echo from the main 
edge echo does not remain constant if the probe is shifted towards the edge, in con
trast to that of a true flaw echo. 

Since the speed of popagation of the plate waves is also a function of the fre
quency (cf. Diagram 9 in the Appendix), the echoes of some plate waves are dis
tinctly broadened and bell-shaped, the broadening depending on the path length 
(Fig. 24.14). The frequency dependence also explains the phenomenon that the in
dividual high-frequency oscillations on these echoes do not move simultanously 
with the echo if the probe is shifted, but merely travel along its outline and over its 
peak. 

Figure 24.15 illustrates and summarizes the various plate-wave testing methods 
which are grouped according to the direction of the sound beam relative to the di
rection of rolling, which is also the usual direction of the length of flaws. 

The transverse test is particularly suitable for automated strip testing because the 
probes can then remain stationary while the strip travels past. In the case of meth
ods 1a and 1 b (Fig. 24.15), both of which are fundamentally identical through 
transmission methods, a noticeable reduction of the edge echo can be expected 
only in the case of flaws several times larger than the thickness of the strip. Inclin
ing the sound beam direction relative to the rolling direction does not increase the 
sensitivity markedly in the case of narrow bands of flaws. On the other hand the 
echo method, 1 c, is sensitive to such flaws but without the possibility of relating 
the echo height quantitatively to the width of the flaw. Thus, even when using the 
echo method its operation is only a qualitative, go/no-go, indication. 

If the detection of larger flaws is all that is required it will be advisable for an au
tomated testing installation, to choose method 1 a with continuous-sound trans
mission using unmodulated frequency because standing waves are hardly to be ex
pected. The pulse method 1 b, apart from the saving of one probe offers no 
advantages but on the contrary, requires more expenditure, especially for recording. 

Fig.24.14. Edge echo of a plate wave. 
a After a path of 100 mm; b after a 

b path of 500 mm, on the same scale 
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Fig. 24.15. Plate-wave test of strip and sheet 

For more sensitive testing, echo method 1 c with alarm monitor and colour marking 
or recording with its increased expenditure must be accepted. This method also per
mits the indications of flaw bands narrower than the thickness of the plate. 

The longitudinal tests 2 a and b can also detect very narrow flaws provided they 
run in the direction of the sound beam because they then disturb the propagation 
of the sound over the full beam path. 

The disturbance caused by a flaw which is much narrower than the width of the 
sound beam can be explained in the same way as in Fig. 16.4. The change of the 
sound beam produced by artificial flaws (grooves) and bands of slag in sheet 0.75 to 
2 mm thick has been investigated by Kopineck and Sornmerkorn [826]. With beams 
aligned in the direction of the slag, using methods 2 a or 2 b, they observed a defi
nite splitting of the central maximum sound lobe into two side lobes. 
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For continuous strip testing, method 2a requires that the probe assembly oscil
lates (Fig. 24.15, 2 c). This testing method is used only on slowly moving strip, for 
instance at the feeding point of the strip into the welder for large-diameter pipes 
[867, 868]. 

Method 2 b, due to the absence of a transverse edge, cannot be used for testing 
strip. Consequently, this method is used principally for testing individual thin pan
els. 

Based on the fact that different types of flaw affect the various wave modes dif
ferently, a probe assembly according to Fig. 24.15, 2 a for the generation of several 
modes of plate waves has been suggested by Kubiak and Rowand [864], which uses 
the frequency-modulation method (cf. Section 10.7). 

This requires rapid variation of the testing frequency in the range from 2 to 
25 MHz, so that all modes can be excited in quick succession. The evaluation is 
based on the interference frequency of the received waves when compared with the 
excited wave modes, and on the change in amplitude. This device fumishes a digi
tal read-out of the test values for four selected wave modes but so far no details are 
available concerning the test results in practical application. 

Kugler and Berner [867,868], with their probe assembly, "Salzgitter" which uses 
a fixed beam angle and only one frequency in the longitudinal test 2 a or 2 c, have 
obtained satisfactory results in practical application. 

According to Sipek [1425] the wave modes with flat sections in the group-veloc
ity diagram (Diagram 9) in the Appendix give satisfactory results near the minima, 
for instance at al, when the product of plate thickness and frequency is equal to 6. 
Frequently, however, the most favorable angle and wave mode are found experi
mentally by carrying out tests on samples with known flaws. 

The probe separations usually used in methods 1 a and 2 a are approximately 
500 to 600 mm, so that, for a complete test of wider strips several testing tracks 
should be arranged one behind the other, but relatively transposed. To avoid cross
talk between traces different frequencies are used. For the testing of individual sheets 
the test result obtained along one track is often regarded as valid for the entire 
sheet in view of the fact that a particular flaw usually extends over the entire length 
of the sheet. On the other hand, in the case of strip, most defects usually occur in 
the central area so that the test tracks along the edges can be omitted. 

The probes used in all these methods can consist of conventional angle probes 
with a plastic wedge. Adjustment of the angle is sometimes unnecessary, because 
the results obtained with fixed angle probes in the range 35° to 80°, or even a sur
face wave probe, is completely adequate for rough testing. Alternatively adjustable 
angle probes should be used and the coupling liquid, which can be water, oil, cut
ting emulsion or diesel oil, should be fed sparingly so as not to wet the sound path, 
or alternatively the entire surface should be wetted uniformly. It should be noted 
that liquid-covered areas on the rear surface also give interfering echoes and a sheet 
should never be tested on a contaminated support. 

For testing from one edge by the echo method, a guiding and holding device as 
shown in Fig. 24.16 is practical. This moves on three rollers over the sheet and on 
two rollers along the edge. The narrow gap between contact face and sheet is filled 
continuously with liquid, thus ensuring uniform contact and minimum wear. 
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Fig.24.16. Holder for angle probes 
suitable for testing plate from the 
edge by the plate-wave echo method 

Up to now only the method of Fig. 24.1S, lc is being used for continuous strip 
testing. The probe is arranged in a liquid chamber for oblique beaming by means of 
an adjustable water wedge. 

In practice the test is usually combined with the continuous pickling process 
and although the condition of the strip surface is adequate prior to pickling, prefer
ence is usually given to testing after pickling with strip speeds between 40 and 
ISO m/min. These relatively high testing speeds require special measures to ensure 
sufficiently constant coupling and new methods for presenting and evaluating the 
test data. Direct observation of the CR screen cannot be considered, nor can simple 
monitor-controlled flaw signalling. No use has yet been made of the possibility of 
marking flaws on the strip surface or on its edge, to allow the indication of flaws on 
coiled strip. A method for the documentation and evaluation of defects will be con
sidered later in connection with rod testing (Section 2S.2). 

The installation shown in Fig. 24.17 uses the method as in Fig.24.1S, 1 c, but 
with two variable TR angle probes of O.S MHz to avoid dead-zone problems 
(Fig. 24.18) [1433]. They are coupled to the underside of the strip facing in opposite 
directions and somewhat staggered in the longitudinal direction. The water tanks 
containing the transducers have a plastic contact face which forms a water gap with 
the strip, determined by rollers. The probes are actuated by remote control and are 
controlled by a computer fed with punched cards for each testing programme. The 
computer obtains from the card the thickness and the width of the strip, and from a 
stored table the optimum angle, which is based on the plate-wave diagram together 
with experience obtained with certain types of flaw. In addition, the computer de
termines the correlated group transit times and adjusts the monitor gates in accord
ance with the transit time and the width of the strip. The attenuation of the waves 
as a function of the distance is taken into consideration by several gates of increa
sing sensitivity, staggered according to the distance, the result being available as a 
digital read-out. 

In the case of both recording methods a pulse generator coupled to the strip car
riage is used for a length-true division of the strip into recorded sections and sub
sections, irrespective of the speed of the strip. 
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Fig.24.17. Strip-testing installation (Courtesy of Thyssen Niederrhein, Oberhausen). Both 
probes at rest position for demonstration 

Fig. 24.18. Probe assembly of the 
installation shown in Fig.24.17 

For strip testing electromagnetic probes (EMATS) have also been used [767]. 
Thin sheet is today no longer tested on a large scale because of the large quan

tity which is produced and ordered. For former literature see [456, 457, 1642, 908, 
825, 1497] and additionally see [97, 561, 864, 709, 678, 811, 1369]. 



25 Semi-finished Products: Rod, Bar, Billet and Wire 

Manufacturing defects which occur in this group of semi-fmished products can 
either be on the surface or internal (Fig. 25.1). Internal defects originate from ingot 
defects such as shrinkage cavities and inclusions which have been elongated during 
rolling and drawing or are rolling or drawing defects, such as piping, part~cularly in 
the case of non-ferrous metals, and cracks in the core, which in cross-section ap
pear flat or star-shaped. Surface defects are usually the result of the drawing opera
tion on defects such as radial cracks or laps which reach the surface at a shallow 
angle. Since all flaws extend in the longitudinal direction, this requires that the 
axis of the sound beam in a cross-sectional plane lies either normal or obliquely to 
the surface and for some applications can be surface waves running in a circumfer
ential direction. 

25.1 Rod Material 

In the case of drawn steel rods, manual testing for internal defects is one of the ol
dest applications of the pulse-echo method and it made the commonly used pickle 
test superfluous. To find defects in the core it is sufficient to scan along a few lon
gitudinal tracks using a normal probe, or at least on two mutually perpendicular 
tracks in order to be sure of obtaining an echo even where cracks are unfavourably 
orientated. 

Thin, bright rods, down to approximately 5 mm in diameter, are preferably 
tested with a TR probe with its central separations line transverse, or at 45°, to the 
rod, and it cim be easily shaped cylindrically for better guidance. A special probe
holding device greatly facilitates these tests in which two TR probes are placed on 
the circumference displaced 90° from each other and pressed by spring action 

Internal 
defects 

Testing directions 
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Fig. 25.1. Types of defects in round stock, 
and main directions of testing 
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against the continuously moving specimen, a flow of water being used for coupling. 
In the case of non-circular rod material as for example square, hexagonal or 

flat, testing is successful even with diameters below 5 mm because of the higher 
sensitivity obtained with flat coupling surfaces. 

For a go/no-go test it is then sometimes sufficient to observe only the disturb
ance of the echo sequence occurring between the flat boundary faces. In the case of 
more complex sections, both the method and the possibility of testing depend en
tirely on the cross-sectional shape and the probable position of the flaws. 

Surface defects can be found with oblique transverse waves or with surface waves 
as in Fig. 25.1 but the latter can be used only on very smooth surfaces and quantita
tive differentiation between deeper and shallower crack is impossible. If an angle 
probe of 45° or 60° is suitably ground as shown in Fig.25.2, the wide beam after a 
few reflections fills a zone below the surface fairly completely up to a depth of ap
proximately 20 % of the diameter. This technique can therefore detect some inter
nal defects in addition to true surface defects. Any surface defect will produce a 
considerably stronger echo than an inclusion of comparable size, so that even the 
minutest surface defect, such as a die line will dominate the test. Surface defects 
can, however, be distinguished by the fingertip technique. 

Since the sensitivity of oblique transverse waves drops after several reflections, 
the flaw should as far as possible be met in the first half circumference. Thus, 
in the case of stationary rods, the test should be carried out along two or three 
longitudinal tracks, or better still, the probe should be moved longitudinally 
following a zigzag path on the circumference. Flaw echoes then travel back and 
forth on the CR screen and can be detected and distinguished very much more eas
ily from spurious interfering echoes from the probe. For the same reason it is rec
ommended that the rod be allowed to rotate slowly at a few revolutions par second. 
Since laps are indicated with greater sensitivity in one incident direction of the 
wave than in the other (as in Fig. 25.1), the test should be carried out in both direc
tions successively, or better, simultaneously by using a double angle probe. 
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Fig. 25.2. As a result of the beam divergence on entering round material, an oblique beam of 
transverse waves can cover an outer zone of up to 20 % of the diameter 
Fig. 25.3. Testing round stock by the immersion technique, beam paths shown for steel in wa
ter 
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The immersion technique can also be used for diameters below about 120 mm, 
and is the best method for automatic testing. As in Fig. 25.3 all types of waves and 
testing directions can be obtained by using different probe positions, including a 
boundary surface wave. When using a broad sound beam, several waves can some
times be obtained simultaneously and if the surface is not perfectly smooth, this 
may give rise to troublesome interfering echoes in a zone behind the entrance echo, 
which in round stock of small diameter may completely mask the echoes of core de
fects. These interfering echoes are mainly produced by boundary waves which, al
though they quickly decay on the surface, still produce strong echoes from minute 
depressions, foreign particles and air bubbles on the surface if they approach the 
sound entrance point during the rotation of the rod. Therefore, narrow or focussed 
sound beams should be used, or more simply masks with a circular or slot-shaped 
opening should be inserted in the sound beam. 

To avoid receiving interfering or multiple echoes from a mask, it should be in
serted either immediately in front of the probe and/or to lie obliquely to the beam. 
The mask can be of plastic material with good absorption, such as rubber-contain
ing fillers, or alternatively a thin metal plate covered by a plastic film which makes 
it impermeable to sound as a result of the trapped layer of air. 

The relative positions of probe, mask and bar stock should remain fixed, which 
in the case of smaller bar diameters is realized most simply by a probe holder such 
as that illustrated in Fig. 25.4 which is guided by hand. The mask, which is rotat
able, is mounted in front of the probe and contains two off-center openings so that 
depending on their position two transverse waves circulating in opposite directions 
for detecting shallow defects, or two longitudinal wave beams through the core of 
the rod are obtained. By using a probe for 4 to 6 MHz it then becomes possible to 
test rod material with a mill-rough, slightly oxidized surface, down to 12 mm in di
ameter. 

If focussed probes are used in an immersion technique, the reduced sensitivity 
due to the strong refraction in the rod can be compensated, or the beam can be fo
cussed at a given depth where the presence of any flaws would be particularly dan
gerous during further manufacturing processes. For correct adjustment, the optimum 
water gap is found on a specimen with artificial flaws. 

Fig. 25.4. Probe holder for testing round stock by the 
immersion technique 
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Fig. 25.5. Rod-testing machine with rotating probes for testing of rods up to 80 mm in diame
ter for longitudinal surface cracks (design Krautkriimer) 

Fig. 25.6. Testing round stock by magnetostrictive excitation according to Kaule [757]. 
T transmitter; R J receiver for crack echoes; R2 receiver for sound transmission pulse 

For defects close to the surface, especially longitudinal cracks, the method to be 
used is the same as for tubes (Chapter 26, Fig. 26.7). In fact the same testing-instal
lations can in many cases be used for both products, an example being shown in 
Fig. 25.5 which uses rotating probes. 

For small-diameter bright steel rods the magnetostrictive method (Sections 8.4 
and 8.5) using the "Ferrotron" instrument has been used for some time. For detect
ing longitudinal surface defects an array of several coils is mounted in such a way 
that the electromagnetically excited ultrasonic pulse spirals around the rod with a 
steeply pitched path (Fig. 25.6). 

Receiving coil El is orientated so that it can receive the part of the sound beam 
reflected by a longitudinal defect, thus producing a flaw echo. The other receiving 
coil E2 can receive the spiralling wave directly so that the disappearance of the 
sound-transmission indication obtained in this way reveals the presence of large de
fects. Both indications are evaluated by monitors and Fig. 25.7 shows such an in
stallation for testing rods with diameter from 2 to 14 mm, using a Ferrotron instru
ment. Since the rods need not be rotated while passing the coil array the testing 
speed can be as high as a few metres per second and for bright stock longitudinal 
defects down to 0.05 mm deep can be readily detected. 

See also [1633] and for further literature concerning rod testing [529, 1548, 115, 
1744, 1019]. 
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Fig_ 25.7. Testing rods with the "FerrotronH (magnetostrictive principle of excitation of sound 
waves) (courtesy of Messrs. DEW, Krefeld) 

25.2 Billets 

Rolled circular billets cannot be tested in the same way as smooth rods and tubes in 
installations with rotating specimen or probes because of their inferior surface con
dition. 

The larger part of the bulk material is tested with a combination of two normal 
or TR probes as shown for square billets in Fig. 25.8. For dimensions larger than 
about 50 mm the number of probes is usually doubled. 

In the testing of billets it is not possible to make high demands concerning the 
detection of either surface or subsurface defects because of the rough surface condi
tions. 

For mechanized testing square billets are best transported on a roller bed as in 
Fig.25.8. The probe arrangement consists of twin heads each containing a combina
tion of one normal probe and two broad-beam TR probes. These latter probes are 

Fig. 25.8. Testing square billets with two probes connected in parallel 
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staggered to cover billets up to 250 mm square. In this arrangement the twin heads 
are pressed onto the billet from beneath after it enters the test machine. 

The probe holder has all the necessary freedom of movement to enable it to fol
low all irregularities of the billet up to a speed of 60 m/min. 

In another design (Fig. 25 .10) the probe assembly contacts the billet from above 
after it enters and rides on it. 

Figure 25 .11 shows a test record of the installation of Fig. 25.9. This evaluation 
system is also valid for similar types of inspection, as for example for strips, tubes 
and rods. The figures are computed by a microprocessor and printed on a paper 
strip. 

The billet is divided into recording sections of 500 mm, which are themselves 
subdivided into 50 or 100 testing sections of 10 or 5 mm in length. If an echo ex
ceeds the threshold, the corresponding testing section is recorded as defective but 
to obtain varying evaluations two different thresholds can be chosen. For each re
cording section the number of defective testing sections is printed out and in addi
tion the summed length of coupling failures is printed for each recording section. 
Additionally the total number of defects in a preselected length of billet is summed, 
so that it is possible to say if the billet contains a defect-free section of a chosen 
length. At the end of each billet test, the result is summarized and the billet classi
fied according to a specification agreed between customer and manufacturer. 

In addition after testing a complete batch the overall statistics are collated to 
give the number of billets in each classification. 

For round and square billets the most important part of the volume is checked 
in this way. Surface defects, however, cannot be detected so easily because of the 

Fig. 25.9. Test installation for square billets (design KIautkriimer) 
Fig. 25.10. Test installation for square billets (design Deutsch) 
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Fig. 25.11. Documentation of billet testing. a manu
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a billet; c summary of data; d statistics of a batch of 
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roughness and irregularity of the surface. Basically longitudinal defects on the sur
face of round billets can be found by angle probes or tube-testing probes as ex
plained for rods in Section 25.1. A manual test is feasible only if the requirements 
for detecting small defects ist not too high. Automatic testing is hardly possible, be
cause the specimen has to be rotated and transported to give a spiral scan and this 
is impossible for most large round billets because they are not straight enough. 

In the testing of square billets for surface defects another problem is encoun
tered. Cracks usually extend from the comers and detection by angle probes is diffi
cult. Occasionally a test with surface waves could be possible, if they are generated 
on one of the four faces and used for testing the adjacent comer. However, it it ne
cessary that the surface quality is sufficiently good, giving an adequate signal/noise 
ratio for the smallest defect echoes [142]. 

The best overall success for these requirements uses a combination of ultrasonic 
testing for the interior coupled with a magnetic stray-flux test for the surface. Such 
combined installations have been used for a long time for testing circular rods be
tween 16 mm and 80 mm in one machine or 30 mm and 190 mm in another. For 
testing of hot slabs and billets at temperatures up to 1000°C by EMATs see Sec
tion 8.4 and [S 91]. For further literature see [116, 701, 529, 119, 858, 815]. 

25.3 Wires 

Rod waves which correspond physically to plate waves in sheet are also used occa
sionally for testing thin rods and wires. Magnetostrictive excitation of such waves, 
which is possible only in steel and nickel, according to Fig. 8.15 has the great ad
vantage that no contact is required and a coil is shifted over the end of the rod or 
wire. 

Where the primary objective is to detect longitudinal surface defects in wires, 
the magnetostrictive method as in Fig. 8.15 with spirally rotating waves can be suc
cessfully applied on diameters down to about 2 mm. The flaw detectability starts at 
depths of about 0.05 mm, at testing speeds of 3 to 4 m/s. 

Fine wires, usually less than 1 mm, on which longitudinal and transverse cracks, 
shrinkage cavities, and inclusions are to be detected, can be checked by a number 
of different techniques. 

In a design according to B6hme [159] a buffer shoe attached to the probe makes 
dry contact with the wire along a very short section. This excites particularly strong 
bending waves which are strongly attenuated and reflected by such flaws as longit
udinal cracks having a depth greater than 10 % of the cross-sectional area. In the 
case of frequencies of 1 to 2.5 MHz the coupling fluctuations reach only 10 % of the 
pulse amplitude. As in the case of plate waves, the pulses are partially broadened as 
a result of dispersion. 
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When using the pulse-echo method, one can also operate with standard angle 
probes and surface-wave probes, the plastic wedge being fitted in the longitudinal 
direction with a small matching groove. The contact point is continuously wetted 
with coupling liquid, and the wire moves in a direction opposite to the sound beam 
to avoid interfering echoes by excess coupling liquid. In the case of coupling under 
water, as used in the device by Lehfeldt [909], the problem of wear and adjustability 
of the beam angle is solved in a simple way. A guiding block forces the wire under 
water for a short distance and in bright wires of less than 1 mm in diameter, even 
fine scratches are clearly indicated by travelling echoes. 
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Manufacturing defects are once more the main inspection problem for pipes and 
tubes, and it also happens that in-service defects such as fatigue cracks and corro
sion cracks require the same testing techniques as the manufacturing defects be
cause they are usually in the same position and orientation. Other in-service in
spection such as the detection of corrosion and the measurement of wall thickness, 
are discussed in Section 33.l. 

The special cases of pipes produced by casting or by welded fabrication are not 
included in this chapter because their characteristic defects are of quite different 
origins. 

In seamless rolled tubing the defects which are of interest are similar to those 
occurring in rod material, that is cracks and laps on the internal and external sur
faces as well as inclusions and laminations in the wall which are caused by the 
manufacturing process as they are in rolled plate (Fig. 26.1). 

In some types of manufacturing process transverse or obliquely oriented flaws 
may occur at angles lying between 30° and 60° to the surface and resemble cracks or 
laps. When applying a contact test with angle probes to pipes of less than 80 mm in 
diameter, the beam is transmitted along a zigzag path, partially spiralling around 
the pipe on either side, as in Fig. 26.2 and this technique will also reveal the obli
que flaws mentioned above. 

Bands of 
inclusions 

Spill in the longitudinal 
direction (flake) 

Fig. 26.1. Types of defects and main direction 
of testing in pipes 

Fig. 26.2. Longitudinal test on pipes for laps 
and transverse cracks using zigzag waves (only 
the path of the wave on the pipe surface is 
shown) 
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Transverse cracks also occur as in-service defects on the internal wall of tubular 
steel moulds used for centrifugally cast pipes, where they are formed regularly in as
sociation with longitudinal cracks due to severe thermal stresses and they also oc
cur as fatigue cracks in drill-pipe. Most pipe-testing installations are therefore also 
fitted with suitably arranged probes for the detection of transverse and oblique 
flaws. 

The testing methods used for detecting the usual longitudinal flaws in pipes dif
fer according to the testing conditions, whether in the pipe mill under production 
conditions, or for maintenance inspection on pipes already installed. In the factory 
automated testing installations are installed almost exclusively using the full or par
tial immersion technique. Manual contact testing is usually used for maintenance 
inspection and for testing smaller batches in the pipe mill. 

The manual testing methods were the first to be developed and were also used 
at the pipe mills initially. Later on these testing procedures were partially mechan
ized. 

For large diameter pipes above about 400 mm in diameter as used for gas-sto
rage tanks and accumulators for steam boilers, a zigzag shear wave can cover only a 
small portion of the circumference. Therefore, the pipe should be scanned by hand 
in the circumferential direction, along separate tracks or along a zigzag path, using 
angle probes, usually of 45° or 60°. Deep scores on the inner surface produced by 
the drawing "plug" and which are not readily detectable visually, may make testing 
rather difficult, and should therefore be avoided during manufacture as far as possi
ble to facilitate the checking for corrosion fatigue cracks. 

In the range 25 mm to 400 mm outer diameter (as used mainly for boiler tubes, 
gas and oil mains, high-pressure pipes and precision steel pipes) a "circular-transit 
echo" is used which is obtained by means of two probes mounted back to back or in 
a so-called pipe probe, which gives a stationary reference echo as in Figs. 26.3 and 
26.4. Here, the reference echo takes over the task which, when normal probes are 
used, is performed by the back-wall echo since it shows immediately, even in the 
absence of flaw echoes, whether both the instrument and the coupling are satisfac
tory. In addition it enables both a direct pulse-echo system to be used as well as a 
type of through transmission with the sound passing completely round the pipe wall 
from one probe to the other. 

As is shown in Fig. 26.3 a, one usually obtains with such a pipe probe two indica
tions from a single flaw, lying equidistant from, one in front and one behind, the 
reference echo. Since this reference echo is not a true echo but only two pulses tra
velling from each probe to the other, it has the same total transit time as would an 
echo from a flaw situated exactly opposite to the probe position. If the reference 
echo is moved to the center of the CR screen by scale expansion, each half of the 
pipe is represented by the trace lying respectively to the left and to the right of it. 
Whether given indications arise from the right or the left half of the pipe cannot be 
decided if the probe is stationary, but only if it is moved in a circumferential direc
tion. If the flaw echo between transmitting pulse and reference echo, both of which 
remain stationary as the probe rotates on the pipe, travels towards the transmitting 
pulse, then the probe is approaching the flaw, and vice versa. Since exact flaw loca
tion in pipe testing is usually not required, the pipe probe is usually moved in such 
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Fig. 26.3. Testing thick-walled pipes by means of the pipe probe. a Sound path and screen pic
ture, schematic ; b screen picture obtained with a pipe of 30 x 300 mm showing flaw at approx
imately 1200 position, frequency 2 MHz; c flaw made visible in ground section (lap 3 mm 
deep) 

a way that the flaw echo is located approximately halfway between the transmitting 
pulse and the reference echo. The flaw is then located at approximately one quarter 
of the circumference of the pipe (at an angle of 90°) from the probe. 

Unlike the schematic drawing in Fig.26.3 both flaw echoes and the reference 
echo are mostly composed of a number of zigzag waves which lie within the range 
of the angle of divergence. Consequently the indications usually contain several 
peaks. 
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Fig. 26.4. Tube-testing probes, with crystals arranged side by side to get the exit point for both 
on one line, with irrigation of the contact face. a 45°, 2 MHz, for manual testing; b 37°, 
4 MHz, for automated testing 

In the case of thick-walled pipes where the wall is greater than about 10 % of the 
diameter, the envelope of a flaw echo shows distinct maxima and minima when the 
probe is moved. The positions of the maximum readings of both internal and exter
nal flaws can then be marked on the CR screen using a pipe section with internal 
and external saw cuts, thus enabling the different flaws to be distinguished from 
one another. 

A fixed pipe should not be scanned along only a single longitudinal track be
cause then the zone below the probe will not be checked, and because the reference 
echo may mask a flaw lying in the exactly opposite position. For this reason, and 
also for clearer indication of flaws by using travelling echoes, the probe should be 
moved along a zigzag path. For the detection of laps it may then be advantageous 
to observe both flaw indications simultaneously as in Fig. 26.3 a. While in the case 
of small cracks the right-hand echo with the longer sound path is usually smaller 
than the left-hand echo, this may be reversed in the case of laps lying in an unfavor
able orientation. Otherwise the second echo can be disregarded and the reference 
echo shifted to the right-hand side of the screen, as in Fig. 26.3. This is particularly 
effective when testing rotating pipes because a lap always assumes a favorable or
ientation at one point if the pipe probe is used. 

The reference echo, as implied by its name, is used for checking the coupling 
and the complete circumferential traverse of the sound pulses. Strong reduction of 
the reference echo intensity usually indicates a defect in the pipe. In the case of 
new tubes this may be a lamination, which might be directly indicated merely by 
weak flaw echoes, and in the case of used pipes it might be caused by a corroded 
area not visible from the outside which causes diffuse scattering of the waves. In 
the case of thick walls say above about 20 mm, both types of flaw can be distin
guished by scanning at right angles to the surface, while in the case of pipes with 
thinner walls, indirect means must be used if flaw differentiation is essential. 

If a wide enough range is selected on the CR screen, multiple reference echoes 
of decreasing amplitudes are abtained, like the echo sequence from a plate. Any 
weakening of the pulse due to any of the causes mentioned above is indicated with 
increased sensitivity by the multiple echo sequence. 

Influence o/wall thickness. In the case of pipes with a wall thickness which is small 
compared with the diameter (say less than 5 %), the sound waves will reach the in-
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ternal wall at approximately the same angle at which they left the probe. In the case 
of thicker walls the internal angle of incidence increases and thus the sensitivity for 
internal defects decreases. 

To obtain sufficient sensitivity in practice angles in the range 37° to 45° are pre
ferred but for small wall thickness these angles produce too steep a zigzag path and 
therefore a reduced testing range with echoes divided into several separate peaks in 
which case larger incident angles are preferred. 

Figure 26.4 shows two tube testing probes, in which the crystals are arranged, as 
shown in Fig. 26.3. To have the same angle of incidence for all different tube diame
ters, only the curvature of the contact face has to be adapted. They are usually 
coupled by running water fed through a hole in the plastic block. The small cross
coupling signal between the crystals, indicates the beam index or entrance point 
into the tube. When used in an automatic installation it is of advantage to pulse the 
crystals successively, one following the other, and to generate the reference or cir
cumference echo by both crystals during the third cycle. By this multiplexing 
method the noise level is reduced considerably. For this purpose the contact points 
of the two crystals are separately accessible. 

According to Section 17.3, wall thicknesses above 20 % of the outside diameter 
can no longer be checked reliably for defects on the inner surface by means of obli
que transverse waves. For these thick walled tubes longitudinal waves at angles up 
to 30° can- be used and these are introduced by using strongly absorbing wedges, of 
for example vulcanized rubber. This reduces the interfering echoes to a tolerable le
vel (Fig. 26.5) and since a portion of the beam strikes the inner wall perpendicu
larly, an echo sequence is obtained in which flaw echoes can be distinguished read
ily by the fact that they travel when the probe is moved. 

It is advisable to arrange for the pipe to rotate uniformly and to guide the probe 
along it. A probe with variable angle coupled to the tube via a water-filled chamber 
has proved satisfactory (Fig.26.6). It is then possible to find an optimum beam 
angle for the pipe diameter concerned and a further advantage of this arrangement 
is the even coupling obtained. 

Manual testing is not recommended for tubes used for canning fuel elements in 
nuclear reactors because they have very thin walls and thus are easily damaged and 
because they require very high flaw-detection sensitivity. Accurate guidance sys-

b 

Fig. 26.5. Testing ofvery thick pipes with longitudinal waves. a Schematic; b screen trace with 
crack echo CE 
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Fig. 26.6. Tube testing with a variable angle probe 
coupled via a water delay line 

tems are necessary and the appropriate testing methods will be discussed along with 
factory installations for pipe testing. 

For high-pressure pipes, seamless large-diameter pipes, oil-field pipes and 
standard main-supply pipes, and for diameters above about 120 mm, 2 MHz is 
usually chosen as the test frequency. For boiler tubes and precision tubes (up to 
about 120 mm diameter), the test frequency is usually 4 to 5 MHz whereas fuel-ele
ment canning tubes are tested using sound of 4 to 12-MHz frequency. 

Installations for tube testing in manufacturing plants have been operational in 
Germany since the 1950s and in particular based on DIN testing specifications 
[1750] (cf. Chapter 34]. At first high-pressure gas cylinders for specific purposes 
were checked for longitudinal cracks by the TUV (technical supervisory associa
tion). The early installations used standard pipe-testing probes in a mechanized 
holder in combination with a pipe-transporting system. Later full or partial immer
sion techniques were used. 

b 
a 

c 

d e f 

Fig. 26.7. Tube testing with full or partial immersion techniques. a One-probe method; 
b method according to Terry; c, d according to Zollmer and Grabendorfer; e according to 
Pause and Schlengermann; f double-probe technique with multiplexing using partial immer
sion 
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Figure 26.7 shows various probe arrangements in automated installations which 
have been used for testing tubes to detect longitudinal defects. Currently the meth
ods a, e or f are preferred for mass produced tubes such as boiler and main-supply 
tubes, high-pressure tubes, oil-field tubes, precise tubing and nuclear-fuel canning 
tubes. Methods b, c and d avoid the annoying direct echo from the tube surface. How
ever, in method d the correct and reproducible adjustment of both probes inde
pendently from one another, is difficult. In method c this adjustment is easier but 
the sound paths and transit times are too long. The surface echo of the single-probe 
method on the other hand can be useful for a reference and for a fail-safe indica
tion. Usually two complete probe assemblies are used but separated in the longit
udinal direction of the pipe, and with sound beam paths in opposite directions. In 
this way the internal and external laps are covered reliably for both directions of in
clination. 

To detect transverse defects an additional simple arrangement of a single-probe 
is used, which generates a 45° zigzag wave along the tube wall in the longitudinal 
direction. To ensure that unfavorably oriented defects are also detected a second 
probe pointing in the opposite direction can be added [S 104]. 

Tube testing installations can be divided in general into two groups of different 
mechanical design. In the first type the probe arrangement is stationary and the 
tube is rotated and transported longitudinally to achieve a spiral scan. In the sec
ond type the tube is longitudinally transported and the probes rotate around it giv
ing an arrangement which fits better into the production line. 

Early installations of the first type were equipped with transit tanks for full im
mersion of tubes up to 80 mm in diameter, and the probe assemblies were trans
ported by the tube under water. Seals were provided at each end of the tank to avoid 
much water loss during the test (see Fig.lS.14). Currently most of these units are 
working in a partial immersion technique, and transit tanks are used only for nuc
lear-fuel element canning tubes, as shown in Fig. 26.8. The tank contains four 

Fig. 26.8. Testing installation for canning and precision tubing up to 25 mm in diameter (type 
RDR25J, design Krautkramer, Japan) 
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point-focussed probes of 10 MHz arranged in two planes perpendicular to the tube. 
One pair tests for longitudinal defects according to Fig. 26.7 a but with opposing 
beam directions, and the other pair detects transverse defects. Additionally a fur
ther probe can measure the wall thickness, or a pair arranged in 1800 positions can 
measure the complete geometry of the tube including wall thickness and outer and 
inner diameters (see Section 33.2, Fig. 33.4). 

Defects as small as 0.03 mm with a length of 0.75 mm can be detected, because 
of the very precise guidance system of the probe assembly, achieved by riding on 
the tube. Testing speeds, depending on the minimum defect length to be detected 
is 2 to 5 m/min. 

The installations with a partial immersion technique and spiral transport are 
used preferably for large tubes, when rotating the probe assembly would be too dif
ficult (Fig. 26.9). When the tube has entered the test machine, the water-filled tank 
together with the probe assembly is pressed against the tube from below. The instal
lation shown can test tubes up to 600 mm in diameter, and with appropriately 
smaller tanks down to 25 mm. 

Often the probe system is divided into two groups housed in two different tanks, 
one for longitudinal defects and the other for transverse ones, and for wall-thick
ness and tube-geometry measurement, if required. They are then mounted in two 
neighbouring sections in between the transport rollers. The tank in Fig.26.9 con
tains arrays of probes for the longitudinal defects to achieve a high testing speed up 
to 1 mis, the tube being spiralled at an 80-mm pitch, allowing complete testing of 
the surface. 

Fig. 26.9. Tube-testing installation (type GRP, design Krautkramer) for tubes of more than 
100 mm in diameter with two testing tanks. The right hand one has already been lifted and 
pressed against the incoming tube. The exposed left-hand tank shows the linear probe assem
bly. The coupling water which is introduced after contact with the tube, fills only the small 
space adjacent the probes 
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Fig. 26.10. Tube tester for tubes up to 160 rnm in diameter with spiral transport (design 
Deutsch, courtesy Mannesmann-Rohrenwerke, Solingen-Ohligs) 

Installations according to Moller [1048] for testing tubes up to 160 mm in di
ameter have a very elegant solution of the transport mechanism. In both of two 
transport units three rollers provide the linear transport and simultaneously the 
complete roller system is rotated around the tube axis. In this way the linear and 
the rotating feeds can be independently controlled and the system makes it simple 
to supply both movements to the computer for defect evaluation and recording 
(Fig. 26.10). 

Another type of design (Fig. 26.11) makes use of several individual probe boxes 
containing water delay lines, which are filled-up after the entry of the tube, so that 
a section of the tube up to 300 mm long is not tested, which is larger than is usual 

Fig.26.11. Tube tester with 2 x 4 probe 
boxes around the tube circumference 
with spiral transport (design Kraut
kramer) 
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Fig. 26.12. Rotating probe installation for nuclear·fuel canning tubes (Type ROTA 25, design 
Nukem, Hanau) 

Fig. 26.13. Rotating probe-testing installation for tubes between 20 and 180 mm diameter 
(type ROT 180, design Krautkriimer) 

with the partial immersion technique, but because the surface velocity can reach 
2.5 mis, this type of installation has a greater efficiency than the systems using that 
technique. 

The installations of the second type with rotating probe systems, serve a wide 
variety of tube diameters, from 5 to 25 mm (canning tubes) up to 600 mm. In most 
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installations up to 250 nun the probes are housed in a closed water tank and circu
late around the tube, also incorprating probes for wall-thickness and geometry mea
surement (see Fig. 33.4). For larger tube diameters water-gap sliding probes are 
used. 

The installation of Fig.26.12 for testing canning tubes comprises all of the 
above-mentioned probe functions at a testing speed of 8000 rpm. 

Figure 26.13 shows a rotating probe installation for boiler and high-pressure 
tubes up to 180 mm in diameter, also equipped with additional probe arrangements 
for wall-thickness and geometry measurement. In addition laminations very close 
to the inner surface can be indicated by sudden changes of the thickness during 
scanning. Probe adjustment for new tube dimensions takes some time, but this can 
be reduced considerably in a design in which it is possible to vary the position on 
the circumference of all four probes simultaneously from one control point. This 
unit is designed for tubes up to 130 rom in diameter and reaches a testing speed of 
up to 60 m/min (1 m/sec). 

To complete this description of operational machines the "jumbo" must be 
mentioned. Built by Mitsubishi, Japan, it checks tubes from 165 mm up to 600 nun 
in diameter for longitudinal and transverse cracks and quasi-laminations 
(Fig. 26.14). The rotating probe container operates at 100 to 300 rpm and the com
puter-aided system adjusts the probes automatically, using tube sections with refer
ence defects. As well as seamless tubes the machine also tests welded ones. 

Stewarts and Lloyds, Dept. of Research and Technical Development, England, 
formerly developed a machine for tube testing (see [1921]), which now has been im
proved by BSC under the name RP 500. It can test tubes up to 20" (508 rom) in di
ameter with rotating sliding probes. Figure 26.15 shows a general view of this equip
ment. As well as testing for longitudinal defects the wall thickness is measured con-

Fig. 26.14. Rotating probe tube-testing installation for seamless and welded large tubes up to 
600 mm diameter (design Mitsubishi) 
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Fig. 26.15. Rotating probe tube-testing installation with sliding probes 

Fig. 26.16. Evaluation unit type 
UCASE, with the two screens for 
the presentation of the test result 
of the installation in Fig. 26.15 

tinuously, also allowing the detection of laminations. The system can rotate at 
300 rpm on tubes of 500 mm in diameter and reaches a testing speed of 25 m/min. 
The presentation of the results in made on two CR screens (Fig. 26.16) diagrammat
ically. The Y-axis (perpendicular) corresponds to the length of the tube, the X-axis 
being divided into five columns, and in the first one is indicated all events, such as 
failure of probe coupling, exceeding the tolerances of the wall-thickness measure
ment and defects on the inner or outer surfaces of the tube. The other four columns 
display details of the different defect indications and their positions in one of the 
four quadrants. The two screens function alternately, one storing the results from 
the previously tested tube, and providing a hard copy of the results, whereas the re
sults from the tube under test is being built up on the second screen. 



26 Pipes, Tubes and Cylinders 421 

Finally a transportable installation for testing compressed gas bottles should be 
mentioned (Fig. 26.17). The bottles are removed automatically from a stock and 
then rotated and checked for longitudinal and transverse defects, and for the wall 
thickness. The test is, however, restricted to the cylindrical portion and each bottle 
is provided with a printed record. For another installation see [S 84]. 

Some particular problems of tube testing demand special methods such as for 
example if testing is not possible from the outside surface. It can then be carried 
out from the inside to accommodate tubes with welded-on cooling fins or drilled tu
bing with conical or non-circular outside shape as for example gun barrels. For the 
latter an installation has been reported by Sperry in which the probe assembly re
places the cutter on the boring machine. Flaw echoes from the rotating barrel re
turning from the outer and inner walls are classified and recorded according to 
their transit times. 

Fig. 26.17. Transportable testing installation for compressed gas bottles (design Deutsch) 

Purely transverse zigzag waves can be used for internal testing only as long as 
the wall thickness is less than 20 % of the diameter. In the case of pipes with thicker 
walls, the transverse wave transmitted by the probe is split as in Fig.26.18 into 
transverse and longitudinal waves when reflected at the outer surface at an angle 
smaller than 33°. Both wave modes can produce echoes which may complicate the 
interpretation of the screen picture. 

Fig. 26.18. Testing of pipes with very thick walls 
from the inside 
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Fig. 26.19. Internal testing of pipes. a Wall-thickness measurement; b detection of longitudi
nal defects; c detection of transverse defects (according to Robba [1273]) 

For pipes of small diameter an immersion technique can be used by filling the 
tube and introducing probes into it (Fig. 26.19). A normal probe placed in the pipe 
radiates sound axially, a mirror mounted in front of the probe deflecting the sound 
beam in the desired direction. Depending on the orientation and the shape of the 
mirror, the reflected beam can be used for detecting longitudinal or transverse 
cracks, or for measuring the wall thickness. By using a curved mirror, the beam 
can also be focussed [1273]. 

The testing of externally finned pipes in order to detect longitudinal defects 
presents a difficult problem. These pipes are covered on the outside by closely 
spaced ribs, usually surrounding the pipe in an elongated spiral and permitting test
ing from the inside only The detection of flaws is difficult because the individual 
ribs produce echoes. Any deduction concerning the possible presence of longitudi
nal defects can be obtained only from irregularities in the echo pattern of the ribs. 
For this purpose the pipe or the probe and mirror assembly is rotated slowly. The 
detection of transverse defects causes no difficulties [1213]. 

Much easier is the testing of high-pressure finned pipes (hair-pin pipes) as used 
in the chemical industry, with fins lying transverse to the axis of the pipe, in order 
to detect longitudinal cracks. 

For further literature concerning tube testing in general see [1048, 1487, 1505, 
890, 1344, 638, 1068, 866], concerning computer-aided equipment [45, 751, 1101, 
1314], concerning automatic testing of heat-exchanger tubing [1370, 1379, S 111], 
concerning continuous test of nuclear fuel canning and precise tubing [85, 201, 
584,585,861, 1215, 1251, 1289, 1307, 1440, 1236, 1184], and concerning the use of 
electrodynamic excitation of plate waves (tubes waves) see [1368, 1620, 1063]. 
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In castings flaw detection is almost exclusively concemed with manufacturing de
fects and only rarely as in-service inspection. Suitable testing techniques and the 
subsequent evaluation of indications in castings is very different from the testing of 
forged and worked material so that the differences must not be forgotten or diffi
culties can occur. In-service inspection, as in the case of forgings, depends on the 
local stresses and the piece geometry so it is not necessary to treat it specially in 
this section. 

Typical casting defects are as follows (see Fig. 27.1): 

Shrinkage cavities, generated by contraction during solidification and insuffi
cient feed of metal. They occur preferentially below feeders, at changes of sec
tion and nodal points, and within large wall sections as center-line flaws. 
Blow holes and porosity occur when gas bubbles are released during pouring 
and cooling or by insufficient degassing of the mould and cores. 
Non-metallic inclusions generated by interaction between the molten metal and 
the mould material, pieces of the mould material itself, or by oxide films swept 
along with the metal during pouring. 
Hot tears caused by shrinkage during solidification, in combination with restric
tive stresses caused by unfavorable design of the piece or of the mould and by 
metallurgical influences. 

Metallurgical considerations and good casting technique will generally avoid 
such defects, by providing, for example, a sufficient number of feeders and chills. 
However, the critical areas will usually be known so helping the operator to restrict 
any tests to these positions and the appropriate sound beam directions. 

The reflectivity properties of typical casting defects is important for ultrasonic 
testing. Except for true cracks all other casting defects are more or less voluminous 
and globular. The direction of the sound beam is less important therefore, and 
Fig. 27.2 shows the results oftests on a 110 mm thick section of spheroidal cast iron 

'~~~"'" 

Fig. 27.1. Typical casting defects 
and their detection methods 
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Fig. 27.2. Detectability of a shrinkage cavity 
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using normal and angle probes in different directions. The diagram shows the maxi
mum echo amplitude received above the noise level and it can be seen that the 
probe position, ultrasonic frequency and wave type are apparently of minor influ
ence. The echo amplitudes are relatively low because of the irregular shape of such 
a shrinkage cavity. The rough surface scatters the sound in a wide angle, so that 
only a small amount returns to the probe, this effect being reinforced by the large 
number of pores surrounding the flaw in most cases. For these reasons the flaw can 
often be detected more easily by the shadow effect on the back-wall echo [242]. 

With other casting defects also, only small areas of their surface are illuminated 
perpendicularly to give specular reflections so that sizing of the defect from its echo 
amplitude, as for example with the DGS diagram, is of little value. 

An indication of the defect size can be obtained from: 

The amount of back-wall echo reduction, 
Lateral scanning of areas showing a reduced back-wall echo, 
measuring the distance from front and back walls and so deducing the thickness 
of the flaw 

At critical positions which will be stressed in service, smaller flaws can also be 
evaluated by the DGS method though this will give only a minimum size, often dif
fering widely from the true one. 
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Fig. 27.3. Recommended ultrasonic frequencies for testing of various cast materials 

The paper [1383] is an example of an unsatisfactory application of the DGS 
method on cast steel neglecting completely the reduction of the back-wall echo. 
Compared with X-ray tests only between 7 % and 30 % of the defects were found by 
ultrasonics. However, much better comparisons were found in other cases where the 
back-wall echo reduction was taken into account [242, 426]. It should, however, al
ways be kept in mind that excessive requirements for the homogeneity of castings 
would be unattainable. 

Local reduction of the back-wall echo can also be caused by reasons other than 
flaws. Worse surface roughness, small inclinations between front and back surfaces, 
inferior coupling caused by local surface irregularities, or variations in the grain 
structure can all cause back-wall echo reductions. Grain structure is usually very 
coarse, which in the case of an anisotropic material results in heavy attenuation 
and scatter. Differences in the grain size can be caused by different cooling speeds 
between the outer and inner portions. For example in cast iron the size of the gra
phite particles can differ between such areas, which can change the ultrasonic ve
locity by several percent. As a result the beam can be bent resulting in local reduc
tions in the back-wall echo without any corresponding defects. 

At lower frequencies these influences will usually be less important. Figure 27.3 
gives a summary of the recommended frequencies for various cast materials. 

Within the recommended band of frequencies the higher ones are used for the 
thinner specimens. In the case of good surfaces and thicknesses up to about 25 mm, 
much higher frequencies can be used occasionally, for example lO-MHz TR probes 
for detecting small inlcusions close to the surface. However, the question which is 
frequently asked - how much of the surface layer should be machined away to en
sure in practice a pore free surface - can only be answered with difficulty. 

For the testing of castings the use of highly damped probes shows a great im
provement as Fig. 27.4 illustrates. The dead-zone as well as the noise level is much 
reduced. In addition materials hitherto considered as non-testable can be checked, 
for example austenitic steel castings [807] and cast copper alloys [1453, 1386], al
though the smallest detectable defect size is not much less thdn the probe diame
ter. 
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Fig. 27.4. Subsurface resolution with a conven
tional (BISL) and a highly damped probe (KIS) 

As regards the probe types best used for the testing of castings normal probes 
suffice in most cases, preferably those with a plastic protection layer. TR probes can 
also be used to detect defects near the surface. The advantage of a soft coupling 
layer can be recognized from the following test. The surface of a cast plate was par
tially left rough, as cast with 0.15 mm roughness, and the rest machined. A 4-MHz 
normal probe with soft face showed only a 4-dB difference of the back-wall echoes 
of the two portions, whereas a hard-faced probe displayed a difference of between 
20 and 30dB. 

When angle probes are to be used the deviation of the beam angle from nomi
nal has to be considered because of the difference between the shear velocity in 
steel and in the cast material concerned (see Section lOA Table 10.1). They are 
preferably used for the detection of cracks which form a corner reflector with a sur
face. Figure 27.5 illustrates some applications of different probes. With an angle 
probe the defect echo can often more easily be observed as a travelling echo while 
scanning the surface. Sometimes TR angle probes have been used to measure ex
actly the extent of shrinkage cavities [385]. 

The amount of testing applied to a casting varies very much depending on the 
material and the application. A cast steel turbine housing for example is usually 
tested by a complete surface scan using a normal probe. At critical points, for ex
ample on flanges, at faces for welded joints and areas with defect indications, 
additional probes and beam directions are often used. In addition in these areas 
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Fig. 27.5. Detection of shrinkage cavities with normal and angle probes 

X-radiography or magnetic-particle methods are also used. In more transparent 
materials such as for example spheroidal cast iron, linear scanning, or on a grid 
pattern, is sufficient. On mass-produced castings, if a test is at all justified it can be 
applied only at critical points. In such cases the casting technology has been esta
blished in advance by the help of destructive and non-destructive tests [1356]. For 
an example of the manual testing of mass-produced cast iron parts see [1029]. 

Since some automobile parts with high safety demands are produced in sphe
roidal cast iron, mechanized tests have been introduced as Figs. 27.6 and 27.7 
show. 

Typical parts are swivel bearings, steering knuckles and brake components, 
usually parts of complicated shape. In the illustrated test-machine each part is 
tested by an immersion technique at selected critical positions and additionally the 
sound velocity is measured at a position with local parallel surfaces since this factor 
is a measure of the quality of the spheroidal graphitic structure. See Sections 31.3 
and 33.2 for details. 

In the automatic test installation of Figs. 27.6 and 27.7 the parts are taken indi
vidually from a magazine, placed in the tank, tested by several probes one after an
other and sorted into accept or reject containers combined if required with a mark
ing device for faulty parts. Castings with a low sound velocity are also rejected. A 
magnetic-particle test for surface defects follows on line, the testing speed being six 
parts per minute [1190]. 
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Fig. 27.6. Test installation for cast automobile parts (design Krautkramer) 

Fig.27.7. Swivel-bearing in test position in the im
mersion tank of the installation of Fig. 27.6 

A difficulty of testing castings in addition to the complicated shape is also the 
attenuation of sound by the as-cast structure, which, however, differs greatly for dif
ferent materials. For example in aluminium castings the porosity can be measured 
by way of the attenuation by comparing a back-wall echo sequence with that from a 
specimen with borderline acceptable porosity. In low-alloy or carbon-steel castings 
the attenuation can be neglected in practice for frequencies of 1 to 2 MHz [386]. 
For grey cast iron Fig. 27.8 shows the dependence of the attenuation on the type of 
iron (lamellar or spheroidal) as well as on the thickness. The dependence on the 
wall thickness arises from the different cooling rates. Generally one can say that in 
lamellar cast iron with high-tensile-strength testing is possible, but is very restricted 
for materials with low strength, having many and large graphite flakes. For machine 
parts made from such material a test is not usually needed, as for example for ma
chine bases and mountings. Additionally materials with very coarse structure such 
as austenitic castings, hard manganese steels, and for copper and its alloys, tests are 
only possible for very large defects. 

In such cases the through-transmission technique is sometimes the only way. 
For example on the rim of a 30 cm thick bronze bell a rough test for large shrinkage 
cavities could be performed with l-MHz probes guided manually on the inner and 
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Fig. 27.8. Attenuation of sound in cast iron, depending on the frequency and the wall thick
ness, according to [386] 

outer surfaces. By this means two defect-free positions were found and recom
mended as contact points for the clapper. 

According to [117] cast uranium plates have also been tested by through-trans
mission methods using pulses, for dimensions of 18 mm x 180 mm in cross-section 
and several meters in length. However, as explained in Section 5.3, the through
transmission method is very unreliable for the detection of small defects when lying 
at large distances from the probes_ 

The inspectability of cast materials depends also on the casting methods. In 
centrifugal casting for example the metal grain is oriented radially on solidifica
tion. In the case of tubes cast in spheroidal cast iron this fact is not important, but 
with tubes in austenitic steel testing in a radial direction is possible, but only to 
make a wall-thickness measurement. However, angle-probe testing using an echo 
technique is impossible. Through-transmission between two angle probes of low fre
quency can, however, find radially oriented in-service cracks. 

Centrifugal castings in spheroidal cast iron can be tested for hot cracks, cold 
shuts, shrinkage cavities and slag inclusions, using 45° angle probes of 2 to 4 MHz. 
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However, the method is seldom used in practice because of the difficulty in distin
guishing between cold shuts and cracks on the one hand and acceptable inclusions 
and surface roughness on the inner wall. More recently tests have been made to dif
ferentiate them by using several ultrasonic frequencies [276]. 

Because of their very complicated shape most die castings are only occasionally 
tested an example being on zinc die castings for automobile door locks, at selected 
favorable positions. 

Of more importance is ultrasonic wall-thickness measurement on castings, in 
cases where walls are accessible from one side only. These examples are all parts 
cast with central cores as in cylinder blocks, pump housings, heating-radiators and 
hollow-cast turbine blades. On other pieces a mechanical measurement could be 
made but an ultrasonic measurement is easier because of the large size, as for ex
ample for process vessels in the chemical industry and mine shaft casings. It is, 
however, recommended that the wall-thickness meter is calibrated on the piece it
self because of the unpredictable sound velocities of cast materials. In the case of 
anisotropic materials it has also to be kept in mind that adjustment of the meter 
must be made at a point where the crystallization has the same orientation as at the 
points to be measured. In grey cast iron the velocity can also be different for differ
ent wall thicknesses because of different cooling rates. 

Practical experiences of wall-thickness measurements on cast-iron components 
for diesel engines are reported in [1027]. For testing of steel castings see [1566, 902, 
275,290,242, 741, 363, 740, 1356, 1104, 337,219]. 
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28.1 Butt-Welded Joints 

The commonly occurring defects in welded joints are porosity, slag inclusions, lack 
of side-wall fusion, lack of inter-run fusion, lack of root penetration, undercutting 
and longitudinal or transverse cracks. 

With the exception of single gas pores all the defects listed are usually well de
tectable by ultrasonics. Most applications are on low-alloy constructional steels but 
welds in aluminium can also be tested, bearing in mind the somewhat smaller 
beam angle if the conventional probes are used (see Table 10.1 and [487,995]). For 
testing austenitic steel welds and welds in plastics see Sections 28.1.6 and 28.1.7. 

28.1.1 Testing Methods, General 

Testing butt welds with normal (0") probes is only occasionally possible if the 
geometry of the specimen is favorable, as for example in Fig. 28.1, where a flange 
has been welded to a tube, or when forged parts have been welded together. How
ever, for small cross-sections, interference by the side walls must be expected result
ing in split-ofT transverse waves and poor sensitivity for defects lying near the sur
faces. 

For butt-welded joints in plates and pipes the pulse-echo method using zigzag 
transverse waves (Fig. 28.2) is mainly used, the reflections between the two surfaces 
of the plate being utilized. A broad beam would cover a thin joint in one pass but 
on thicker plates it is necessary to scan the probe in a transverse direction so as to 
cover the complete cross-section. According to Fig. 28.2 a movement from a half to 
a full skip-distance is required. In practice a little more is used in view of the width 
of the joint. As a check and for the sake of greater reliability, the test can be re
peated from the opposite side of the weld because some defects are indicated more 

Fig. 28.1. Testing a circumferential pipe weld from the welded-on flange 
Fig. 28.2. Sound paths for half and full skip distances 
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Fig. 28.3. Longitudinal scanning of a 
weld. a For all defect types except trans
verse cracks; b for transverse cracks 

favorably if irradiated from one direction rather than from the other. By this 
method all defects are covered, except for transverse cracks which require a differ
ent approach. As shown in Fig. 28.3 a, it is recommended that the backward-forward 
motion between 812 and 8 be combined with the longitudinal movement in the 
form of a zigzag motion, onto which is superimposed a still more rapid swivelling 
motion, so as to strike slightly inclined flaws at favourable angles. If transverse 
cracks are suspected, the method according to Fig. 28.3 b should be applied. The 
two angle probes connected in parallel and mounted in a common holder need only 
be moved along the seam. 

In highly stressed welds the test is usually performed from both sides of the 
weld, especially if an indication has been obtained from one side and which has to 
be identified as not arising from a geometric feature such as an excessively high 
weld crown or from over penetration at the root. In such cases exact locating of the 
position of the reflector can help (see Section 28.1.3) if the plate thickness is larger 
than about 10 mm. 

Fig. 28.4. Interfering echoes in the testing of welds. a Dis
placed plates or different thicknesses; band c backing 
strip or fitting ring (circumferential welds on pipes); 
d welded swaged collar; e inserted and incompletely fused 
fitting ring (to be judged as a genuine flaw) 
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If an echo from a V -preparation weld only appears from one side it can be as
sumed to come from mismatched plates caused by bad set-up or unequal thick
nesses (Fig. 28.4a). The first fault occurs quite often with circumferential tube 
welds. In the second case one can perform the test from the thinner walled side 
without problems. Other types of interfering echoes, as illustrated in Fig. 28.4, can 
come from backing strips, fitting rings in tubes, or from a thicker swaged collar sec
tion. A non-fused fitting ring as in Fig.28.4e has, however, to be considered as a ge
nuine flaw [645]. 

Welds in steel and aluminium made with a powder flux sometimes have an ex
aggerated bead thickness which gives an echo from the far side of the weld. This 
can be used as a coupling and sensitivity check. The test in this case is not ad
versely affected if it is performed from both sides of the weld and only half of the 
weld is observed each time. 

Further interference with the weld test can take place if laminations and inclu
sions are situated within the parent plate adjacent to the weld. The quality of the 
plate should therefore be checked first by using normal probes along two. strips 
equal to a half-skip distance on each side (Fig. 28.2). 

For thin plates of less than about 15 mm the weld test can be carried out from a 
fixed probe distance of about 2 skip distances. This arrangement is preferably used 
in mechanized test installations see Section 28.1.5. 

Manual weld testing on a weld 10 mm thick is illustrated in Fig. 28.5. 
If transverse cracks can be expected it is necessary to use additionally the tech

nique of Fig. 28.3 b. The two angle probes are connected together in parallel and are 
scanned along the weld in a joint fixture. If, depending on the welding technique, 
the cracks are restricted to a definite section of the joint, for example in the sec
tions closest to the surfaces, the probes are arranged so that the inter-section of 
their beams is located at the appropriate depth. Otherwise for thick plate it will be 
necessary to scan the weld several times with different probe positions. If the weld 
crown is machined off, to be level with the adjacent plate, a single probe test can 
suffice if it is placed directly on the weld crown and oriented longitudinally. 

If the welded joint can contain central vertical cracks or fusion defects lying 

Fig. 28.5. Manual weld testing in chemical 
plant construction with digitized miniature, 
flaw detector USD 10 (design Krautkriimer) 
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a 

---

b 

Fig. 28.6. Pitch and catch method. a Princi
ple (ej + e2 = e~ + e; = const) , b guiding 
device of the probe according to Lack 

normal to the surface of the plate, testing with a single probe is no longer satisfac
tory for reliable detection of these defects. The sound pulse is reflected away from 
the incident beam and thus can be received satisfactorily only by a second probe 
suitably placed. This probe should be placed at a distance from the first probe de
pending on the plate thickness and the depth at which the defects can occur 
(Fig. 28.6a). This twin-probe arrangement, called a "pitch and catch" or "tandem" 
method, is most commonly used for testing the welded joints in thick-walled vessels 
[505], specifically in the pressure vessels for nuclear reactors (cf. Chapter 30). This 
method is also used for narrow welds if one can expect that defects will lie in a 
plane perpendicular to the surface, as with electron beam or friction welds. 

Economic manual testing by this method requires that both probes are mounted 
in a suitable guide frame which ensures that they maintain the correct angle rela
tive to the weld and at the same time a constant distance from it. A suitable device 
for this purpose has been suggested by Lack [885], (Fig. 28.6b). Figure 28.7 shows 
some modem holders. 

Fig. 28.7. Pitch and catch holders (design Krautkriimer) 
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The plate surfaces on both sides of the weld must be free of dirt and irregulari
ties which could prevent good coupling, so rust, loose scale, welding spatter, chisel 
marks and metal burrs should be removed before testing begins. The arithmetical 
average roughness should not exceed 20 Ilm and any local surface waviness should 
not separate the probe face from the surface by more than 0.5 mm at any point. Oil, 
cellulose paste or water can be used as a coupling liquid care being taken to ensure 
the couplant "wets" the plate surface. Water sometimes does not wet the surface 
immediately and it should therefore be applied some time in advance. 

By far the best and most constant coupling for probes, particularly for automatic 
testing, is obtained with flowing water. The higher consumption of water which this 
entails whether from a main supply or a small pressure pump is almost always 
worthwhile for extended periods of testing in view of the savings of time for apply
ing couplant and in higher testing rates. 

For checking the efficiency of the coupling it has been proposed to work with 
two probes facing each other from either side of the joint; these would be connected 
in parallel and, therefore, would produce a double flaw indication in addition to a 
reference "echo" by through transmission. Although this arrangement has consider
able advantages it is unsuitable for testing by hand because the rapid swivelling mo
tions are not easily achieved with it. 

In practical manual testing the noise level can be used to keep the sensitivity 
constant but for mechanized weld testing several arrangements with auxiliary oscil
lators have been proposed. One of these is a longitudinal wave crystal directing a 
beam normally through the plastic wedge of the shear-wave probe and using as an 
indicator the length of the multiple back-well echo sequence. 

For further literature concerning this test method see [1413, 700, 934, 1243, 
1171,46,47,449, 1708, S 9]. 

28.1.2 Plate Thickness, Beam Angle and Testing Frequency 

The roughness of the weld bead as well as over-penetration at the root can generate 
geometrical echoes if the beam angle is too steep (450 or less). Therefore larger (Le. 
shallower) angles are preferred, using steeper beams only for very thick plates when 
otherwise the transit paths would be too great. The following practical values can be 
given as a general recommendation for various plate thicknesses: 

Plate thickness Beam angle Skip distance 
mm degrees mm 

5-30 70° 30-165 
30-60 60° 105-210 
above 60 45° above 120 

For the critical inspection of highly stressed welds several tests using a variety 
of beam angles is necessary, so that planar defects giving a specular reflection can 
be detected. In these cases reflections from the weld bead are common and they 
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have to be eliminated by local smoothing of the weld or identified by the touch test 
with an oily finger and observing the resultant changes in the echo height. 

For thin plates below about 10 mm this problem gets worse and below 3 mm 
plate waves are preferentially generated by all types of angle probe for all beam 
angles. These waves give echoes from any sudden thickness changes including the 
weld bead. If the bead cannot be removed completely it sometimes helps to use 
very high frequencies and focussed probes. For example longitudinally welded tubes 
in titanium with diameters between 15 and 25 mm and 0.8 mm wall thickness 
could be tested with lO-MHz probes whereas 4 MHz gave too much interference 
from geometrical echoes. 

Resistance-welded joints may contain fusion defects which cannot be detected reliably 
with ultrasonics, the so-called stuck-weld. If stressed slightly, the joint cracks along the fu
sion-zone revealing crack faces with a uniformly dull appearance. 

A prepared cross-section does not show any physical separation, only a broken line of mi
nute inclusions by which apparently ultrasonics, including transverse waves up to 4 MHz, are 
not reflected. As far as is known, no fully reliable non-destructive testing method for this de
fect is as yet available. 

Also in the case of double-V preparation welds having incomplete fusion in the central 
zone, it has been observed that this defect has not been indicated probably because the plate 
edges at this point have been forced together by the weld stresses so becoming transparent to 
transverse waves. 

The range of testing frequencies used in weld testing is usually between 2 and 
5 MHz, and in practice 4 MHz miniatare angle probes are often chosen because the 
smaller size of these probes allows easier manipulation and closer access to the 
edge of the weld bead, whereby defects can be detected in the direct beam. More
over they have well concentrated beams similar to the larger 2-MHz probes. 

In principle it is, however, advisable to make use of lower frequencies to comp
ensate better for any specular reflections from flat reflectors. According to [484] dif
ferent types of natural defect in a 30-mm weld generally gave smaller indications 
with 4 MHz than with 2 MHz, compared to a transverse bore hole of 2 mm in di
ameter. Therefore it seems reasonable to make use of 2-MHz probes on welds 
above 20 mm in thickness. 

Only in the case of defects forming a corner reflector with the surface does the 
higher frequency give better results [1460]. 

After having observed an echo the weld must be scanned longitudinally to ob
tain as precise a measure of the defect length as possible. This is best done using a 
probe of higher frequency (see Section 28.1.4). 

Frequencies lower than 2 MHz are rarely used for weld testing, because from 
the wide-angled beam increasing interference from the weld bead will occur. Only 
on austenitic cladded construction components are I-MHz probes better because 
the interference is less from the coarse grain structure of the cladding and the trans
ition zone [485]. 

In ferritic arc welds the as-cast weld structure usually causes no special prob
lems, but for electro-slag welding the corresponding structure is too coarse and only 
permits a satisfactory test after heat treatment. Also in resistance-welded tubes, in 
spite of the removal of both inner and outer beads, structural echoes from the weld 
are sometimes observed, which are only eliminated by suitable heat treatment. 
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28.1.3 Flaw Locating Methods 

Determination of the flaw depth (from the surface) and its lateral position (within 
the weld cross-section) is desirable, not only to distinguish true weld defects from 
defects lying outside the weld, such as inclusions in the parent plate or interfering 
echoes as in Figs. 28.4 a and d, but also for assessing the nature and importance of 
the flaw on the basis of its position within the joint. 

The method of location will be readily understood from the geometric configu
ration of the beam path as indicated in Fig.28.8.1t is assumed that only indications 
lying between one half and one full skip distance are taken into account and that 
the flaw is aligned on the axis of the sound beam and its echo maximised. 

It is easy to recognize that a particular depth is related to a particular sound 
path. It is thus possible to attach to the CR screen a flaw-depth graticule valid for a 

a 

b 
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Probe distance in mm 
20 I/O 60 80 , , 

30 30 10 0 
Depth of flaw in mm 

for ]0 mm plate 

Fig. 28.8. Flaw location in the testing of welds with CR-screen scale for flaw depth and probe 
distance, selected for a particular plate thickness and beam angle 
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Fig. 28.9. Flaw-locating rule for weld testing, design Krautkrlimer 

given beam angle (e.g. 70,,) and a given plate thickness (e.g. 30 mm), running from 
right to left. Where only the depth is of interest, this is all that is necessary. 

Figure 28.8 a clearly shows that every flaw depth is related to a definite distance 
between probe and flaw (projected to the surface). At the beginning of the depth 
scale, i.e. for surface defects, this distance equals the full skip distance. As indi
cated in Fig.28.8c a calculated distance scale can be placed on the CR screen. The 
distance in millimetres read on this scale for a given flaw echo is then transferred to 
a scale attached to the probe, so that both the flaw location and its depth can be 
marked directly on the plate. The distance scale is valid only for a particular beam 
angle and the depth scale additionally for a particular plate thickness. If no direct 
depth readings in millimetres are required, the bottom and top surfaces of the plate 
can be indicated by movable pointers between which the depth of the flaw is esti
mated, in fractions of the plate thickness d, e.g. 114 d from the rear face. In this way 
the device can be made suitable for any plate thickness. 

Formerly, mostly for training purposes, a locating rule was used, fixed to the 
probe (Fig.28.9). It has a sliding graticule which can be adjusted for any plate thick
ness and which gives the flaw depth in millimeters. 

As indiated in Fig. 28.10 a scale for the sound path is placed in front of the CR 
screen. This is identical to the locating rule, but is calibrated in arbitrary units, e.g. 
0-5, because the true sound path in millimetres is no longer of interest. Prior to the 
test this scale is calibrated with the aid of a test block by shifting and expanding it 
to a total distance of, for instance, 250 mm in steel. The position of the flaw echo is 
read in scale divisions, e.g. 2.6, and transferred to the locating rule. There, the five
division scale is expanded in such a way that the true probe distance in millimetres 
can be read from it, or more simply, the location of the flaw is marked directly on 
the plate next to the edge of the rule. The oblique line starting at the probe, to
gether with the oblique edges of the sliding graticule, indicate the sound path be
tween the two surfaces of the plate, rotated 90° from its true position into the plane 
of the plate. Thus the depth of the flaw can be read on this line if the probe distance 
has been transferred to it from the CR screen. 
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Fig. 28.10. Locating flaws with the Krautkriimer locating rule for testing welded joints 

Another very practical solution determines the position of the flaw by the intersection of 
two straight lines on a traced cross-sectional sketch of the joint [841]. This requires reading on 
a scale attached to the probe its distance from the center of the weld and transferring it to a 
locating diagram mounted above the CR screen. On this diagram the true cross-section of the 
welded seam, Le. double V, V or U-joint, is drawn to scale. The point of intersection of the 
normal from the plate surface with the oblique distance line gives the position of the flaw in
side, or outside, the welded joint. 

Because of its simplicity, the following locating method according to Papke 
[1170] has found wide application in practice. An engraved graticule is placed in 
front of the CR screen as "locating scale" (Fig. 28.11). The projected distance p 
which corresponds to a given sound path w is entered on the abscissa. The beam 
angle fX is entered on the ordinate, indicating the nominal beam angle for the angle 
probe used and a number of other adjacent angles which may occur during the test, 
either as a result of manufacturing tolerances of the probes, or uneven wear of the 
perspex contact shoe. The plate thickness d, which determines the reflection points 
at the bottom and top of the plate, is selected from the oblique parameter lines. 
With the aid of the auxiliary lines explained above a cross-sectional sketch of the 
weld can now be drawn on this transparent diagram (bottom surface = perpendicu
lar through intersection between angle line and plate thickness d, top surface = per
pendicular through intersection between angle line and double plate thickness 2d; 
in the example in Fig. 28.11 the values fX = 71°, d = 20mm have been chosen). The 
shape of the joint can then be drawn symmetrically inside the indicated plate thick
ness lines. 

The instrument is then adjusted by marking the echoes from standard reflectors at given 
distances as calibration markers for the correct projection distances of the locating scale. The 
true sound path is then always longer by a factor of l/sin fX than the distance reading of the lo
cating scale. From now on the instrument is no longer calibrated in "sound path w" but in 
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Fig. 28.11. Locating flaws with the locating scale according to Papke [1170]. s skip distance; 
p projected distance of flaw, i.e. surface distance between flaw and probe index point; 
w sound path to flaw 

"projected distance p". In Fig.!7.7 this would mean that by contracting the time base the 
maxima of the envelopes would be moved exactly over the reflection points in the lower sec
tion of the drawing. 

This device greatly facilitates the location of flaws. The flaw echo is, as usual, adjusted to 
maximum amplitude by shifting the probe and the front edge of this echo immediately indi
cates the depth of the flaw below the plate surface on the weld cross-section drawing. In addi
tion the projected distance of the echo is read on the locating scale in millimetres; this value 
is then transferred to the distance scale on the angle probe, and so the lateral position of the 
flaw is determined as projected onto the surface of the plate indicating immediately the flaw 
position within the weld or outside it. 

In practice the method is often simplified by using exclusively the projected dis
tance and the nominal beam angle, doing without adjacent angles and the plate 
thickness. Instead of the full projected distance frequently the reduced distance is 
used as measured not from the probe index but from its front face of the probe 
against which, during working, it is easier to place a scale. 

Miniaturisation of electrical circuits has made it possible to use a modem ver
sion of these locating methods, viz. the "luminous locating rule" according to Lund 
(Fig.28.12). The scale attached to the probe contains 100 closely spaced light-emit
ting diodes (LED), each being coordinated to a 100-element chain gate (see Sec
tion 10.3.1). If a flaw indication appears in a given gate or gates, the coordinated di
ode(s) is (are) illuminated. The zero point and the scale calibration of the chain 
gate, are referred to projection distances for a given beam angle, and a particular 
flaw echo causes only that diode to light up which is momentarily located exactly 
above the flaw. Provided the flaw is still covered by the sound beam, due to its div
ergence, while the rule is moved back and forth, the appropriate diodes above the 
flaw position will be illuminated. 
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Fig. 28.12. Luminous locating rule, schematic aI, according to Lund 

With this device the inspector recognizes the flaw indication at the point on the 
plate at which he looks while guiding the probe. At the same time he can determine 
its lateral position in the weld and also the longitudinal extension of the flaw. Only 
then will it be necessary to observe the screen to determine on the DGS scale the 
equivalent reflector diameter and to deduce from the shape and the dynamic be
haviour of the echo relevant information concerning its type and shape. 

Despite its many advantages the size of the luminous locating rule is a handi
cap for easy probe manipulation and it has not been widely accepted therefore. 

All locating methods discussed so far presuppose flat plates and parallel cross
sections. In the case of pipes these methods can be applied directly only to circum
ferential welded joints. For longitudinal joints as in Fig. 17 .12 both the sound paths 
and the skip distances are increased so requiring special rules valid only for particu
lar wall thicknesses and particular external diameters. It is therefore usually prefer
able to use a hand drawn sketch of the pipe cross-section showing the configuration 
of the beam, even if this is more complicated and less accurate. 

The accuracy of measurement for flaw position by any of the locating methods 
in welds of 20 to 30 mm in thickness is a few millimetres. For thinner welds the er
ror can be larger, but this is not of great importance because repairing the weld in 
these cases is also easier. 

The accuracy of position measurement can be increased by using digital elec
tronics, as an auxiliary device or built into special flaw detectors. The values of dis
tance, sound path and defect depth can then be indicated digitally. 

A form as suggested in Fig. 28.13 can be used for the test report and for docu
mentation purposes [1169]. Here the operator enters length, lateral position and 
depth of any defect, the echo from which is over the recording limit. In addition the 
equivalent defect size and the suspected type of defect must be recorded. Such a re
port can take the place of an X-ray film and even gives additional information, viz. 
the position in depth of the defect, which is very useful for repair purposes. 

When comparing these two weld testing methods it must be kept in mind that 
the detectability of important planar defects such as cracks and lack of fusion is 
more doubtful by radiography and usually requires additional ultrasonic testing 
anyway. For thicknesses over 60 mm ultrasonic testing is usually regarded as the 
only economic and reliable one [688, 752, 1084]. 
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Fig. 28.l3. Typical report form for weld testing 

28.1.4 Defect Size, Shape and Type 

The fundamentals to these problems have been discussed in Chapter 19 so only the 
special factors relevant to weld testing will be dealt with here. 

In ultrasonic weld testing it is a major handicap, that a naturalistic defect image 
from which could be drawn conclusions on its acceptability for service is missing. 
Formerly it was attempted to overcome this problem by specifying very low record
ing limits for indications and by carrying out multiple comparing tests, especially 
in the nuclear field. 

As a measure of defects their echo height and recording length are used (see 
Section 19.3). For a comparative measure of the echo height either test blocks with 
side-drilled boreholes, or the DGS method, is used. To convert the echoes of trans
verse boreholes to those from equivalent flat bottom holes Eq. (5.8) in Section 5.2 
can be used. Side-drilled boreholes are easy to manufacture reproducibly, but the 
test block has to be quite large to avoid side-wall effects (see Section 16.1, 
Fig. 16.5). For an artifical defect at 200 mm in depth the block should not be nar
rower than 70 mm. 

An added disadvantage is the requirement for a large number of test blocks 
corresponding to the different thicknesses of plate and for the construction of nuc
lear power plants for example the full collection of blocks is expensive and bulky 
[1011, 1538, 1261, 14071. 

With the DGS method (see Chapter 19) DGS diagrams or graticules are used 
(Fig. 19.16). They are available for normal (0°) and for certain angle probes. By us
ing them the recording limit for an echo can be indicated immediately at any dis
tance of the defect. The attenuation of sound for transverse waves cannot be neg
lected and it is therefore already taken into account in the diagrams, 8 dB/m for 
2 MHz and 60 dB 1m for 4 MHz. In modem fine-grained steels these values can be 
at least two times too large, however, and in such cases one can use the DGS dia
grams without attenuation-correction and, if necessary, correct the final result by 
mental arithmetic. 

The reference echo for setting the gain to 0 dB is obtained from the quadrant reflector of 
the reference blocks 1 or 2. The echo peak obtained is adjusted to fall into the small circle 
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marked R on the graticule in Fig. 19.1 b, after which the gain must be increased by the factor 
corresponding to the specified recording limit. The small differences between the back echoes 
from the curved surfaces of the test blocks 1 or 2 (Fig. 10.51 and 10.52) and from a l1at back
wall, as required basically for the DGS diagram, have been taken into account in these grati
cules. 

The differing surface qualities which may exist between test block and workpiece can be 
allowed for by the so-called transfer correction. Using two identical angle probes as separated 
transmitter and receiver, a through-transmission signal over one skip distance is produced on 
both the test block and the workpiece. On the graticule a nominal curve for this through-trans
mission signal is shown for the ideal surface quality. The signal from the workpiece, which be
cause of a generally rougher surface is lower, has to be increased by the transfer function in 
decibel. The different transit paths of the skip beams because of the different thicknesses of 
the test block and the plate under test have been taken into account in the curve. 

If the DGS method is not applied, a swept-gain circuit (Sections 10.3.4 and 19.2) is very 
useful. To take account of the material attenuation in this case, Niklas [856) has proposed us
ing the multiple-echo sequence generated by a normal (0°) transverse-wave probe on the plate 
under test but because of the difficulty of coupling this method is not generally used. The 
same is true for the DGS graticules provided by Deutsch [319), which use as the distance-law 
function the average between that for l1at circular rel1ectors (1/ Z2) and for transverse cylindri-

cal holes (1 //r). 
For further literature concerning the DGS method for flaw evalution in weld 

testing see [929, 1242, 1429, 1430,415, 725, 153a, 640]. 
Concerning the shape of the defect, if it is large compared with the wavelength, 

something can be deduced from the echo shape and its scanning dynamics. Fi
gure 28.14 shows echoes from a crack and from slag inclusions respectively when 
the sound beam is incident either perpendicularly or obliquely to the weld axis. 
Linear scanning can also reveal additional information about the shape of the de-

u b 

Fig. 28.14. Echo traces of weld defects compared with radiographs, sound in each case 
beamed normal and obliquely to the longitudinal direction of the joint. a Crack in root; b slag 
inclusions and pores in a 50-mm thick V joint. The picture of the crack has been retouched 
since it was barely discernible in the original radiograph. Probe 4 MHz, 70° 
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Fig.28.15. Envelopes of flaw echoes. 
a 3-rom borehole parallel to test sur
face; b crack in a 35 rom thick welded 
joint, probe 4 MHz, 70° 

fect, as explained in Section 19.2 Figure 28.15 shows the variation in two typical 
echoes when the weld is scanned in a direction perpendicular to the weld axis. 

In practice, however, defects which give echoes as in Fig.28.14a, or which give a 
definite plateau in their envelope when scanned as in Fig. 19.9c, are very rare. The 
problems with most defects which cannot be definitely identified by the above
mentioned methods have often been overcome by the following rules. 

Firstly only the maximum echo amplitude should be taken into account. A cer
tain recording limit (for example a 1-mm circular disc reflector) is decided, leaving 
all indications which do not reach this level out of account. Larger echoes are re
corded and the defect length is measured by scanning, using a fixed or a relative 
threshold (Section 19.3). If the measured length is greater than the maximum 
which has been agreed, then further time-consuming methods can be applied, in
cluding more precise measurement of its length by taking into account the distance 
of the defect and the beam divergence of the probe. In addition special focussed 
probes and precise mechanical scanning devices can be agreed but these additional 
means are not the standard rule. By these methods the great advantages of ultra
sonic testing, viz . high speed and reliability for detecting important large defects, is 
not affected. 

If a recording limit of the echo amplitude is agreed, this is of course based on 
the experience that the actual flaw size can be larger than the equivalent flaw, so 
that an important defect should not be overlooked in practice. 

In the day to day routine manual inspection of welds all the various methods for 
distinguishing the shape, whether flat or globular, as well as the direct imaging 
methods of Chapter 13 cannot find practical application, because they are too time
consuming [1405]. See further [325,1263,931,1211, S 101, S 150, S 26, S 156, S 64, 
S 26] and Section 19.3. 

28.1.5 Mechanizing and Recording of Weld Testing 

Manual weld testing comprises the observation of the transitory screen image and 
making a record of the results either by marks made directly on the workpiece 
showing defect positions or by completing a form. 
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Automatic scanning and recording equipment can be installed following an au
tomatic welding machine or as a separate installation for checking thick-walled and 
highly stressed welded tubes. The systems described in Chapter 13, P scan [945, 
1121] and SUTAR [1046], are examples of the automatic recording of amplitudes, 
transit times and corresponding defect positions displayed as a C-scan picture. In 
these equipments the probes can still be manipulated manually, or be guided me
chanically. 

If the probe movement imitates the methods of manual testing, viz. longitudi
nal and transverse movement combined with swivelling, testing can take too long 
and the probe wear becomes excessive so that several probes, guided only longitudi
nally and pulsed by multiplexing are to be preferred. 

Automatic testing and recording systems are especially useful if they can op
erate simultaneously with the welding process. Examples are resistance and induct
ance-welded tubes and thick tubes welded with powder flux, all with longitudinal 
welds, because in these cases the speed of welding is not too quick for testing. The 
same criterion is valid for large-diameter spirally welded tubes. 

Tubes between 20 and 80 mm in diameter can be checked during the cooling 
portion of the production cycle either under water or using water delay lines. The 
separation of the probe from the weld is sufficiently large to enable the ultrasonic 
beam to fill the complete wall thickness with the gate covering an extended section 
of the circumference. 

Bad results however are obtained from so-called cold-welds or stuck-welds, 
which are almost completely transparent to ultrasound. They can, however, be de
tected if the tube is slightly deformed after welding by a roller system when the 
cold-weld opens up. A better method of process control would be by an accurate 
measurement of the welding temperature since a cold-weld usually occurs only 
when this is too low. These types of pressure-welded tubes often present another 
testing difficulty as well as their excessive weld beads and cold-welds. These 
are small areas of lamination and slag in the plate which are not harmful to 
the use of the tube, but which give indications comparable to weld defects if they 
occur near the weld. For this reason the method is not favoured for small wall thick
nesses, but with larger wall thicknesses above about 5 mm, the ultrasonic probes 
can be carefully adjusted at a distance where the focussed beam does not strike the 
inner wall. Then if the outer weld bead has been machined off, a test can be carried 
out successfully [527]. For further information on pressure welded tubes see also 
[1583]. 

Whereas the weld zone of resistance-welded tubes is usually very small, it is 
quite large on those welded by submerged arc with a double-V preparation 

a b 

Fig. 28.16. Cross-sections of joints, schematic. a Electric-resistance welded (ERW) longitudi
nal pipe seam with incompletely removed internal bead; b submerged arc-welded (SAW) joint 
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Fig. 28.17. Continuous testing of thin seams produced by automatic welding 

(Fig. 28.16). Because of this fact a method has been proposed by de Sterke, to avoid 
interference by echoes arising from the far edges of both inner and outer weld 
beads. These echoes have a somewhat longer path than those from a center defect 
so as in Fig. 28.17 the weld is tested using two probes, somewhat staggered along the 
weld, each covering by an appropriate gate the nearer two-thirds of the weld width. 
The central zone will thus be tested twice, and the nearer sections only once so that 
interference echoes are eliminated. 

The probe stagger can cause some confusion however, particularly when record
ing the flaw indications in their correct position in a longitudinal direction. Ac
cording to a suggestion by Schlusnus and Koch [1853] this ambiguity in the record
ings can be avoided by mounting the two probes exactly opposite to each other and 
multiplexing them. Such an arrangement has an added advantage since after the 
two testing cycles both probes can be connected in parallel during a third cycle, re
sulting in a transmission-pulse reference echo to check the coupling conditions. 

If transverse defects can occur, the testing assembly must be enlarged by two 
additional probes according to Fig. 28.18. 

The arrangement of these extra probes depends on the position of the probes 
used for longitudinal defects. If according to Fig.28.18a, all probes are operated in 
parallel, to distinguish between longitudinal and transverse defects requires that 
probes 1 and 2 should be arranged at a different distance from the joint compared 
with probes 3 and 4, the evaluation being made by two different monitor gates. 

In the case of the arrangement in Fig.28.18b, where the probes for longitudinal 
defects, as described above, are operated first independently and then in a separate 
control cycle simultaneously, the probes for detecting transverse defects can be in
cluded in the multiplexing programme. The testing point, as drawn in solid lines, 
can coincide for all probes since the multiplexing excludes mutual interference. 
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Fig. 28.18. Arrangement for detecting longitudinal and transverse defects. a With parallel-con
nected probes; b with multiplexed probes, the so-called K arrangement 
Fig.28.19. Arrangement of double-beam probes for detecting transverse defects, combined 
with a coupling check 

However, for reasons of spacing, the testing points for each type of defect are 
usually separated as shown by dashed lines. 

The simple functional and coupling check using the probes for longitudinal defects by 
means of a through-transmission pulse cannot be applied to the probes for transverse defects. 
For these another method is used in which an auxiliary crystal is mounted in the angle-probe 
wedge to send a beam perpendicularly into the material at the angle beam index point (cf. 
Fig. 15.8). The resulting back-wall echoes serve as a reference for the quality of the coupling 
and also provide control voltages which indicate the degree of coupling and so can be used to 
control the gain. 

The satisfactory functioning of the probes for detecting transverse defects is checked by 
using an auxiliary reflector built into the probe to direct a part of the coupling control beam 
to the test transducer which acts as a receiver. This signal is independent of probe coupling 
and gives an indication of the correct function of the test transducers and amplifiers. 

Another arrangement with special probes has also been used for the functional check of 
the probes detecting transverse defects. As in Fig.28.19 the two opposing angle probes trans
mit and receive beams in two different directions. The "testing beams", at 450 to the joint, are 
used in the customary way for the detection of transverse defects. The "checking beams" pro
duce a direct through-transmission signal. Since in addition both beams emitted by each 
probe come from the same crystal, the through-transmission signal monitors the electrical 
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functioning of the probes. In order to produce two beams from one crystal it is fixed into a 
slot in such a way that it radiates from both its front and back surfaces. Reflecting surfaces of 
the wedge then deflect the beam portions in the desired directions. The use of these two 
"check-beams" for simultaneously detecting longitudinal defects is not feasible due to the cri
tical adjustment requirements of both position and sensitivity. Consequently, the test for lon
gitudinal defects is carried out in the usual way with a separate pair of probes. 

In a further system known as the X arrangement, four probes are located at the 
comers of a rectangle to participate in testing for both longitudinal and transverse 
defects (Fig. 28.20). The sound beams coincide with the diagonals of the rectangle 
and their intersection marks the testing point on the joint. The probes TI and T2 at 
the ends of one diagonal operate as transmitters, the receivers being R[ and R2 at 
the ends of the other diagonal. Longitudinal defects in the welded joint are indi
cated by probes T[ and RI and simultaneously by T2 and R2, whereas a transverse 
flaw is detected by the combinations T[/R2 and T2/Rlo respectively. This arrange
ment has the advantage that whenever a flaw is indicated on the CR screen it will 
be located at the point of intersection of the sound beams, and since the sound 
paths are identical for longitudinal and transverse defects, the evaluation requires 
only one monitor gate position. Differences in the dynamic behaviour of an echo 
reveals whether it comes from a longitudinal or a transverse defect (see Fig. 28.20a 
and b). In automated installations the probe assemblies are operated successively 
by multiplexing. Two interposed cycles, during one of which T2 operates as a re
ceiver while during the other R2 operates as transmitter, makes it possible to check 
the functioning and the degree of coupling of all probes. 

On the other hand this arrangement has some disadvantages due to the dual 
function of the probes. The mechanical adjustment of the assembly, as well as of 
the testing sensitivity, is more critical and more complex than in Fig. 28.18 where 
the testing for longitudinal and transverse defects is strictly separated. In addition 
this 4-probe assembly cannot be used for testing near the end of a pipe since as the 
first two probes reach the end the testing ceases. For the other probe arrangements 
longitudinal defects can be detected almost to the end of the pipe. 

In practice both longitudinal and spiral joints can be tested by the methods de
scribed, immediately after the continuous length of pipe leaves the welding ma
chine. In some factories, however, central test installations have been installed in 
which the pipes produced by several welding machines are all tested separately, the 

a L-____ --' bL--____ ---' c '---____ ----' 

Fig. 28.20. Testing of submerged-arc welded joints by means of separate transmitting and re
ceiving probes. a For longitudinal defects; b for transverse defects; c control cycles 
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Fig. 28.21. Central test installation for spiral-welded large-diameter pipes for longitudinal and 
transverse defects (courtesy of Stahlwerke Peine, Salzgitter) 

pipes being cut into individual lengths. These are transported by rollers which per
mit rotation and exact positioning of the joint at the location of the probe assem
bly. In the case of spiral welds this requires exact control of the drives for rotating 
the pipe and moving it forward, in accordance with the spiral pitch (Fig. 28.21). In 
the case of longitudinal joints it is often advisable to test only after the pipe has 
been expanded by hydraulic pressure, and after straightening, because these pro
cesses may cause cracks. 

The speed of testing longitudinal welds is up to 30 m/min, and for spiral welds 
up to 20 m/min. 

For tubes with wall thicknesses up to 25 mm testing installations are in use in 
large numbers. Up to 15 mm in diameter 4-MHz probes are commonly used but for 
thicknesses above 15 mm 2-MHz angle probes are used because of their larger 
beam angle. More recently welded tubes with a wall thickness of 40 mm have been 
produced and here the weld is tested by two angle probes somewhat staggered along 
the weld, each intended to inspect one half of the thickness. 

A very high degree of automation has been reached in the tube-testing installa
tions by Krautkramer-l apan. Varying the position of the probes and gates is carried 
out automatically when the tube dimensions have to be changed. 

In association with the weld testing for spiral tubes of large diameter, the basic 
quality of the parent steel plate is often checked at the same time for laminations 
and large inclusions. This is carried out with one or more normal probes arranged 
on the top of the tube and locally scanning longitudinally. For a wall thickness of 
5 mm and above, TR probes can be used but for thinner walls down to 1.5 mm, 
shock-wave probes with a water delay line are necessary. The strip edges are some-
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times checked before welding at the entrance of the welding machine, because lam
inations and inclusions can influence the quality of the weld. Similarly the base 
material is checked at each end of the welded tube to ensure the quality of a con
nection weld to be made later on site. 

On pipeline sites the test of longitudinal welds is occasionally carried out man
ually using the K arrangement. The probe-holder device is self-guided along the 
bead of the weld, the probes being connected to a battery-powered miniature flaw 
detector via a multiplexer. 

For the testing of circumferential welds on site Husarek and Ruault [704] have 
built a semi-mechanized device to assist manual testing. For the same purpose an 
installation of Krautkramer-]apan [1409] has been built which records defects ac
cording to their size and position within the weld and along the circumferential di
rection. 

A device called ROTOSCAN has been developed by RTD, Holland, especially 
for testing circumferential welded pipes on board ship, during their installation 
[1466]. The multi-probe arrangement, working through a 32-channel multiplexer, is 
moved mechanically along the weld, the results corresponding to different testing 
zones being documentated by a multiple line recorder. This installation has also 
been used on land, and even under water to test the welds on the legs of drilling
rigs [1128]. In this case the complete device, including an electronic interface 
needed near the probes, has been made waterproof so that after having been put 
into position by a diver the test proceeds automatically. 

Welds of thick-walled pressure vessels above 40 mm are tested with a combina
tion of several angle probes, working singly or in a pitch and catch technique, 
[S 104]. Figure 28.22 shows such an installation, where the vessel is manipulated on 
a roller system, above the probe assembly and its electronics, which travels on rails 
along the length of the vessel. This installation is equipped with microprocessor
controlled electronics with dialog service. The test data are stored on tape, allowing 
evaluation to be carried out according to different requirements, for example as an 

Fig. 28.22. Test installation for 
welds in thick-walled pressure ves
sels Type BPA (design Kraut
kramer) 
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evaluated B or C scan. The equipment is reported in more detail in Chapter 30 in 
connection with the testing of nuclear pressure vessels. 

For the evaluation of defect size and type in mechanized weld testing so-called 
expert systems have been used successfully as for example in the COM80M system 
[8 164, 845]. These methods use intelligent computers, which are programmed with 
details of the geometrical features of defects and interpretation rules gained from 
practical operator experiences. For further reports on mechanized and fully auto
matic weld testing see [140, 438, 448, 885, 942, 1058, 1555, 1672, 1270, 1547, 1465, 
186, 361, 1208, 579, 615, 816, 1367,2081, 880]. 

28.1.6 Austenitic Welds 

When testing single-sided butt welds in austenitic plate material a few millimetres 
thick it is often sufficient to check only i(the weld is fully penetrated or not. This 
test is effective using 4-MHz 45° angle probes which is sufficient to indicate any 
non-welded edges. By testing from both sides of the weld it is even possible to de
tect lack of side-wall fusion. However, to find individual defects within the interior 
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of the weld is made difficult by interfering indications from the coarse and aniso
tropic grain structure [48]. 

If an austenitic weld has been produced horizontally the structure shows elon
gated, rod-shaped crystallites in the weld cross-section as illustrated in Fig. 28.23. 
They begin perpendicular to the weld flanks and then grow upwards following the 
temperature gradient [1726, 1416]. Consequently the sound velocity depends on the 
angle of incidence at the surface. It has been measured for longitudinal waves using 
a series of specimens cut from a thick austenitic weld, together with the attenuation 
for 2 MHz (Fig. 28.23) [505]. For vertical incidence (0°) the sound propagation was 
parallel to the length of the crystallites in the centre of the weld. The strong varia
tion shown has also been predicted theoretically [1183, 1531, 873, 1389, 742, 965, 
1677, S 124]. 

These measurements (Fig. 28.23) have been made with very simplified assumptions con
cerning the propagation of waves in anisotropic materials. A longitudinal wave for example is 
not propagated in a direction perpendicular to the surface, if introduced by a longitudinal 
probe. Therefore the angles of incidence shown equal the actual ones only at 0 and 90°, and 
consequently the values for velocity and attenuation are not certain. For the treatment of 
wave propagation in anisotropic media see [S 73]. 

The coarse grain structure combined with the marked anisotropy is the reason 
for the strong scattering which for a long time has made ultrasonic testing of such 
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Fig. 28.24. Noise level caused by 
scatter from the structure of long 
and short pulses, schematic 
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structures using transverse waves impossible [1260, 1668]. Important progress has 
been made in measurements by de Sterke [1183, 1110] using obliquely incident 
longitudinal waves (see also Section 17.1). According to [1107, 539] the scattering 
measured for L waves is about 11 dB lower than for transverse waves. 

A further improvement has resulted from the use of short pulses and according 
to [632] there is an optimum pulse length of one to two wavelengths. For longer 
pulses the different parts of scattered waves add up again (Fig.28.24). For very short 
pulses, however, the greater amount of higher frequencies in the spectrum again in
creases the noise level. 

According to [489] the actual attenuation for longitudinal waves in austenitic 
weld material is not very much higher than in the base material, as Fig. 28.25 
shows. The echo from an inclined surface of a specially cut specimen containing 
weld material (SG) and adjacent base material (GW) shows only a difference of 
about 2 dB, equalling about 50 dB/m for the weld material. The large reduction in 
the back-wall echo in the transition zones indicate a splitting of the beam along a 
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Fig. 28.26. Typical sound propagation when testing an austenitic weld 
Fig.28.27. Total reflection of a longitudinal wave at the transition between base material 
(GW) and austenitic weld (SG) 
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boundary between different impedances, similar to that explained in Sec
tion 16.1. 

Figure 28.26 illustrates how this boundary between the austenitic, anisotropic 
but flne-grained base material and the coarse-grained weld material affects the lon
gitudinal wave by a combination of reflection, refraction and mode change to trans
verse waves. As these effects vary from point to point because of the different orien
tations of the grain boundaries one can imagine the destructive effect on the beam. 
As shown in Fig. 28.27 even total reflection can occur at shallow-angled incidence 
onto a grain surface. Following a further reflection at the back wall, interference 
echoes can occur to simulate apparent flaws at completely different positions. 

Such echo patterns which occur when testing austenitic welds are shown in 
Fig. 28.28. On the right-hand screen image one sees the echo indications of the 
comer between the transition zone and the back surface. The centre image shows 
the echo of a 2-mm borehole additionally as seen from the right-hand side. The left 
screen image shows the same hole but seen from the left-hand side through the 

Fig. 28.28. Interference between echoes from the side of an austenitic weld near the plate 
surface 
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weld material near the root, but still clearly distinguishable from the following in
terference echoes caused by split-off waves. 

At places with unequal penetration of the fused weld metal, and especially in 
the region of the narrowed root, the beam is distorted [1590, 1665]. Both the evalua
tion of the defect size from its echo amplitude, and its localisation will be affected 
by this fact. Some improvement can be achieved by using different beam incidence 
directions towards the suspected defect position. These difficulties cannot be over
come by using focussed beams or TR probes nor by the frequently proposed means 
of data processing techniques including signal-averaging or pattern-recognition 
methods or by the CS technique [1072,539,874, 1108,847, 1361, 540, S 10, S 158, 
S 123]. 
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Fig. 28.29. Adjustment of the sensitivity for testing welds in plastics with 2-MHz longitudinal 
waves at 70° incidence 
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A considerable improvement in the testability of austenitic welds has been 
achieved by using appropriate welding techniques. The flanks of the joint should be 
as parallel as possible, and not tapered, to avoid very narrow root sections and wide 
top zones [S 125, S 126]. 

For the technique using obliquely incident longitudinal waves see Section 17.1. 
The time-base adjustment is carried out with test blocks and the sensitivity is 
chosen with an echo from a 3-mm transverse borehole [1726]. When using several 
of these transverse holes at different distance care should be taken that they are not 
too close together to avoid the possibility of confusion between their echoes and the 
numerous other echoes arising from mode changed transverse waves. 

To estimate the size of larger defects the measurement of their recording length 
is preferred but for fixing the recording limit the energy losses in the transition 
zone have to be taken into account [488]. 

Another way of dealing with the problems of testing austenitic welds has been 
reported in [462] using SH transverse waves. The testing of mixed connections, for 
example between ferritic and austenitic components or of austenitic welds between 
high-alloy steel tubes (such as 20CrMoV 12 11 for example) have proved successful 
using longitudinal wave methods. 

28.1.7 Welds in Plastics 

The attenuation in plastics of transverse waves is also extremely high, due however, 
more to real absorption than to scattering. For testing welds in plastics therefore 
only longitudinal Wl\ves are feasible. This proposal was made by Homes in 1959 
[685] but it was not used before the 1970s for welds in hard polyethylene tubes 
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Fig. 28.30. Adjustment of the sensitivity for defects in plastic welds at different depths 
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(649). Widely diverging longitudinal wave beams, from 1 to 2 MHz, lO-mm crystals, 
at angles of about 70° allow checking the complete cross-section from one probe po
sition. Figure 28.29 shows a useful test block with artificial defects in the form of 
2-mm flat bottom holes at different depths. According to their depth, the echoes 
from these reflectors arrive with different transit times and, because of the increa
sing absorption, with decreasing amplitudes. Larger wall thicknesses need a twin 
stage testing with increased gain for the lower half, as Fig. 28.30 illustrates. Still 
thicker walls must be tested from both sides of the sheet with single probes or with 
the pitch and catch technique using two probes. 

The echoes received from the lower bead of the weld, as in Fig. 28.31, arrive 
with too big a transit time to be confused with real defect echoes. They are a wel
come indication of coupling quality if the operator is experienced. 

Fig. 28.31. Testing of a weld in a plastic tube of 
120 mm in diameter and 11 mm in wall thick
ness with a 2-MHz, 70° longitudinal-wave angle 
probe. a Indication of a small lack of bond of 
about 1.5 mm height (FE) in front of the echo 
from the weld bead (WE); b indication of a lack 
of bond of half the wall thickness (FE) 
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Fig. 28.32. Testing of car bumpers (design Wells-Krautkramer). 1 welded stiffener, 2 bumper 
bar, 3 line recorder, 4 flaw detector, 5 probe, 6 non-bonded areas of the weld in the record, 
7 analogi digital converter, 8 recording signal, 9 mechanically oscillating probe guide 

A critical defect type similar to that found in resistance welds in steel, is the 
"cold weld" or "stuck weld". The weld zone is usually transparent because the faces 
are in good pressure contact with one another. On long lengths of weld, however, 
which have a "stuck-weld" condition throughout there are always intermittent 
echoes which can indicate the possible presence of the longer defect. In this case a 
destructive test can easily check if actually, perhaps because of changed welding 
conditions, a bad weld has been produced. Because immediately after the welding a 
destructive check is possible without much trouble, the main applications for ultra
sonic weld testing in plastics lies in the field of production testing. 

Lap welds, as for example are used for sealing 2 mm thick sheets in the dumps 
for domestic and industrial rubbish, can easily be checked by a 4-MHz normal 
probe at normal incidence. 

The plastic bumpers (fenders) of automobiles are usually welded together from 
several parts. Figure 28.32 shows the principle of a test installation with oscillating 
scanning. The test result is recorded on a paper strip, where the defects appear as 
black on white images. The whole installations comprises the water tank for the im
mersion testing, a flaw detector and probe of very high resolution characteristics 
and a computer to control the testing procedure. With a lO-MHz probe lack of 
bond of about 2 x 2 mm can be detected, the inspection time being about 5 min 
per piece. 

For butt-weld testing in plastics see a paper of the International Institute of 
Welding (IIW); see Chapter 34. 
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28.2 Fillet Welds 

In the field of fillet welds there are two main types. Firstly non-penetrating welds 
for low-stress applications and those with full penetration for more critical require
ments (Fig. 28.33). 

If the first type of design needs to be tested at all, it can be carried out for thick
nesses of the flange exceeding 10 mm, using a TR probe or a high-resolution minia
ture normal probe. As shown in Fig. 28.33 a a guiding arm following the edge of the 
flange can help in manipulating the probe manually. As illustrated in Fig. 28.33 a 
one obtains a multiple-echo sequence on the free flange plate as well as on the non
welded central area. Over the weld itself the sequence disappears completely or it 
can be replaced by indications from large weld defects. Sometimes echoes with 
larger transit times also appear resulting from various multiple reflections between 
the two welds, often indicating that both welds are sufficiently penetrated into both 
web and flange. 

In the fully penetrated, or so-called K weld (Fig. 28.33b), the flangeplate echo 
sequence must disappear over the whole width of the weld. Non-penetrated areas 
and lack of fusion have favorable orientations to be indicated directly. However, for 
cracks and slag inclusions within the welds angle-probe testing either from the 
flange or the web can be more favorable, but whereas the normal probe testing as 
described above can be used with plate thicknesses of about 10 mm and over, the 

a 

b 

JL 

Web 

Fig. 28.33. Testing fillet welds. a Joint not 
penetrated; b joint fully penetrated (K 
joint) 
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Fig. 28.34. Automatic testing equipment for T -frame welds. a Arrangement of probes: 1 and 
3 angle probes, 2 TR probe; b recording chart, schematic; I coupling check, II and IV record
ing traces of the angle probes, III recording trace of the TR probe, A indication of defect in 
joint, B indication of coupling failure of the angle probes 

use of angle probes require somewhat larger plate thicknesses (Fig. 26.33 b). Then 
miniature angle probes, 4 or 5 MHz and 45° to 60° can be used. If the flange surface 
is not accessible the only possible method of testing these fillet welds is from the 
web surface with angle probes, or from the end of the web plate if it is accessible. 
This latter technique requires that the web plate thickness exceeds about 10 mm, 
and that its height does not exceed about 10 times its thickness, and can indicate at 
least lack of fusion in the center part of the fillet weld. 

Recently incipient cracks in non-penetrating fillet welds have also been de
tected by creeping waves (see Section 17.2). For further information concerning fil
let-weld testing see also [1263, 1678, 1154, S 162]. 

The British Navy has developed equipment for the automatic testing of the 
welds securing internal T frames in submarine pressure hulls based on the methods 
illustrated in Fig.28.34; see [681]. 

The test installation is carried on flexible guide-rails attached to the hull by suc
tion cups and which run parallel to the direction of the welded joint which is cir
cumferential around the hull. The test assembly advances on these rails step by step 
while the probe holder oscillates in the perpendicular direction. Both the test as
sembly and the holder are moved pneumatically, thus avoiding electric interference 
caused by an electrical motor and its controls. The probe holder contains in the 
center a TR probe and on each side angle-probes with opposing beam directions 
(Fig. 28.34 a). A multi-channel spark-discharge recorder records the test results. 

The recording of the back-wall echo from the TR probe (absent over the joint) 
produces the central curved pattern (III) while any defects in the joint show them
selves as deviations from the standard pattern. The two traces of the angle probes 
(II and IV) show the images of the weld surfaces in their characteristic form by re-
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Fig. 28.35. Testing a fillet-welded 
lap joint, or sleeve joint between 
two tubes (according to von 
Heesen) 

cording the transit times. Since defects will have different transit times, they can be 
recognized as lines which are parallel to the indications of the weld surfaces. 

In a separate cycle the two angle probes are operated in parallel in order to pro
vide a coupling check. As long as the two sound beams meet on the inner surface of 
the hull plate they produce a transmission pulse which will regularly disappear dur
ing the to-and-from movement of the probes above the weld joint. Any irregularity 
in this sequence of the recording track thus points to unsatisfactory coupling of 
the angle probes. 

Another type of fillet weld which can also be readily tested is a sleeve joint joining two 
tubes with wall thicknesses above 10 nun as in Fig.28.3S. Here, miniature angle probes of 60° 
or less have proved successful. Echoes from the weld bead can be obtained in position CD of 
the probe. When the probe is shifted towards the joint, an area of incomplete penetration pro
duces echoes with a shorter transit time, which can readily be distinguished from the echoes 
produced by the bead surface. At places without flaws, the beam passes through the weld into 
the inner tube and gives no echo, see also [918, 972]. 

Usually less favorable and very much dependent on the specific shape of the 
jOint, are tests on nozzle welds as in Fig. 28.36. For a tube welded into a flat plate 
the joint, as in Fig. 28.36a, has the same cross-section everywhere and can readily 
be tested with oblique transverse waves, the echo from the pipe comer serving as a 
reference echo. 

Often, however, the fitting faces show incomplete weld penetration as in 
Fig. 28.36 b. The point of separation can then be distinguished from adjoining flaws 
only in the case of thick walls and sharply focussed sound beams. Here a better de
sign of joint can more easily be tested, by using for example a pipe joined by a sim
ple circumferential butt weld to extruded apertures in the thicker pipe, cf. [1225, 
1516]. 

Figure 28.36c demonstrates how the complex joint-line curve of two not very 
dissimilar pipes complicates the test. The sound is propagated in a plane only at 
four points of the joint (in the longitudinal and in the circumferential directitm of 
the larger pipe). Between these points the zigzag path is distorted and the skip dis
tance continuously changes from place to place so that accurate flaw location is im
possible here. If the test is made from the smaller pipe, both the position and the 
shape of the joint around the circumference also changes, but at least the beam 
angle remains constant. The latter method is therefore usually more advantageous. 
Concerning nozzle welds in nuclear power plants see Chapter 30 and [S 166]. 
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Fig. 28.36. Testing nozzle welds and pipe joints 

28.3 Spot Welds 

Very early in the history of ultrasonic testing spot welds have already been studied 
[599, 1095, 1197, 1081, 639]. Testing is made very difficult because of the problem 
with cold welds or stuck welds, by the need to resolve echoes from thin plates and 
the bad coupling conditions over the cup-shaped deformation in the surface. The 
proposal of Wilkens [1002, 318] to build the crystals directly into the welding elec
trodes was partially successful, but failed because of the problems of maintaining a 
physical match between the shape of the electrodes and the cooling metal surfaces. 
Also the method by Crecraft of measuring the thickness proftle of the molten metal 
lens during welding was not applied in practice because of changes in production 
methods [266]. 

Another method aimed at detecting a typical defect, the small weld nugget and 
partial cold weld, uses a very small diameter probe of high resolution coupled to the 
impressed surface via a short water delay line. Over a good weld it gives a sequence 
of multiple echoes from the combined thickness of the two plates. Because of the 
sound attenuation by the as-cast structure of the weld the sequence is relatively 
short. Over a small weld nugget, however, the attenuation is much lower and in 
consequence the echo sequence is longer. Around the weld is an unfused area so 
that there is also an echo sequence corresponding to the thickness of the top plate. 
With frequencies of about 25 MHz the method was partially successful [S 107]. 
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Fig. 28.37. Spot weld testing according to Asai (Toyota) 

A further method according to Asai and collaborators, Toyota, Japan, makes 
use of a small shock-wave probe with a perspex delay line, as shown in Fig. 28.37. 
The core of the delay line is filled with a highly absorbing material, leaving only an 
annular beam. Its outer diameter is the nominal diameter of the weld nugget so that 
for a good weld with a full-sized nugget one gets an echo sequence of the combined 
thicknesses of the two plates. For a too small weld-nugget diameter a sequence of 
echoes corresponding to the thickness of the top plate only is indicated. The per
formance of this device with cold welds has not been reported. 

Rolling electrode resistance welds are generally not testable economically. 
Welded-on bolts of sufficient diameter can be tested by using a small probe in con
tact with the flat end surface. For a good weld the echo from the end of the bolt will 
disappear, being replaced by the back echo from the plate with therefore a longer 
transit time. 
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28.4 Other Forms of Welded Joints 

There is a great variety of welded shapes which are used in all types of mechanical 
construction. These are mainly small parts which usually are of complicated shape 
and hardly possible to test by manual methods. Often, however, immersion testing 
with a certain degree of mechanization is successful, especially using high frequen
cies up to 15 MHz. 

In [S 241 a very sensitive test of a thin electron-beam weld in aluminium is re
ported using 30-MHz longitudinal waves combined with 7.5-MHz shear waves. 
Some examples are illustrated by the various diagrams (Figs. 28.38, 28.39, 28.40, 
28.41, 28.42). 

---"--
a b c 

Fig. 28.38. Testing a Magnetweld joint on the end plug of a fuel-element canning tube. a gen
eral arrangement; b echo pattern without defects; c with lack of fusion 

---------~--- / 
----- -------

==~~;~ ~~~=~GlC 
~~~=~:~ftf~~ ~ ~~ ~ /~/;:/. / 
- -- - - -- - - ----- .~""'""""""'''' 

Steel 
a b 

Fig. 28.39. Testing the joint of a sealing 
cap according to Crowe [2771 

Zircalloy 

Fig. 28.40. Testing joints between steel and zircalloy pipes. a According to the "flow press 
method"; or b the explosive-welding method, using the immersion technique and sound trans
mission, according to Albertini et al 
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Fig.28.41. Testing of an electron-beam weld (EE entrance echo, RE rear echo, FE flaw echo) 

Fig. 28.42. Testing of a laser-beam welded seam 



29 Testing of Other Types of Joint 
and Compound Structures 

29.1 Rivets and Rivet Holes 

At one time this inspection requirement in steel pressure vessels was very import
ant, but today it is mainly of historical interest. The rivet itself can develop trans
verse cracks between head and shank and these can be detected by testing from the 
rivet head, as on bolts (Section 22.4). Figure 29.1 illustrates the formation of inci-

Fig. 29.1. Partially and fully penetrating cracks in rivetted joints 
Fig. 29.2. Rivet-hole testing; reference echo from top and bottom edges of the rivet hole 

Fig. 29.3. Testing rivet holes, swing-motion 
of the probe and indication on the CR 
screen of an incipient crack in a rivet hole 
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pient cracks at the hole surfaces, which can penetrate through the wall and even ex
tend from one rivet hole to the next. The testing technique is illustrated in Fig.29.2 
and 29.3 and is similar to the probe-scanning movement for welds. The echoes from 
the top and bottom edges of the hole serve as reference echoes. 

The testing of rivet holes has still some importance in airframe construction 
where the fastener holes can develop corrosion and fatigue cracking beneath the 
heads of the rivets. Because of the small thicknesses of the aluminium alloy plates 
involved, the scanning movement is not needed [1706, 595]. The Boeing Company 
has developed a portable unit for the purpose of finding fatigue cracks in wing skins 
of their aircraft [1280]. In this application the electromagnetic generation of ultra
sound has also found applications [1559]. 

29.2 Laminar Joints Produced by Soldering, Brazing, 
Plating and with Adhesives 

There is a great variety of types of laminar joint and a corresponding great diversity 
of applicable ultrasonic test methods. Figure 29.4 gives a summary in which the 
first two are most widely used. The important question for the choice of test 
method is whether the lack of bonding occurs because of missing joining material, 
or bad contact, or if the quality of the bond shall be rated. Finally it must be 
taken into account that large areas cannot be tested manually in an economic 
way. 

If the bond between two materials with closely similar acoustic impedance is 
very strong, a resonance test as in Fig. 29.4 a amounts to measuring the thickness d1 

(bad) or d1 + d2 (good). The same applies to the pulse-echo method where the 
length of the echo sequence serves as a criterion. For both methods it is preferable 
to measure from the thinner layer because the differences are then more obvious. 

As indicated in Fig. 29.4c, large defects can be found with zigzag transverse 
waves or plate waves which can reach the receiver from the transmitter only if 
there is no bond, thus allowing positive flaw indication. Instead of the immersion 
technique where a screen must exclude directly reflected waves, special probes can 
be used in direct contact [1642]. 

Fig. 29.4. Method for testing laminar bonds. a Resonance or pulse-echo method with longit
udinal waves; b through-transmission method; c through-transmission using plate waves or 
transverse waves within one layer; d through-transmission with plate waves or surface waves in 
the full thickness 
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Conversely, a bonding defect of thin surface layers may interrupt the propaga
tion of selected wave modes, which can serve as an indication by either reflection 
or transmission methods (Fig. 29.4 d). Ordinary surface waves or Love waves (trans
verse waves parallel to the surface) may be used [592]. In both cases the wavelength 
must be large compared with the layer thickness and these methods have the ad
vantage of testing from one point the whole area of the beam path. 

If the bonding material has a markedly different acoustic impedance from the 
main layers such as in an adhesive bond, a satisfactorily bonded spot will not be
have as would a solid specimen. A specimen consisting of two bonded aluminium 
plates gives a picture different from that of a solid plate of the same total thickness 
[644]. Conclusions can be drawn from the frequency and the height of resonance 
peaks regarding the properties of the bonded layer, which provide more information 
than a simple go/no-go test. 

Schematic screen traces applying to the pulse-echo method are shown in 
Fig. 29.5. If the bonding is satisfactory, the echo pattern depends on the difference of 
the acoustic impedances as well as the attenuation in the second material: In the fi
gure it is assumed that the influence of the bonding layer is nil but this is not al
ways true. 

In the case of some organic cements when using high ultrasonic frequencies, 
the layer absorbs the sound almost completely and can hide a non-bond. 

Further examples of the situation in Fig. 29.5 b are various metal claddings, such 
as special steel on steel, silver on steel, brazing of steel or stellite to a steel base, as 
well as similar bonds between heavy and light metals produced by diffusion bond
ing or metal spraying techniques. 

In addition there are the cases of enamelling onto metal and the bonding of 
porcelain to porcelain. In these cases of the echo sequence of the total layer pre
dominates in the picture. If, however, the second material is not a layer and gives 

Oifference of the impedances 

a No bonding .... ----b-S-te-e'-on-ste-e-,' I n;:--c-St-ee-{ a-n-'e-ad----, 

Small 

, -l+---· Large 

Large 

b - d Good bonding 

Fig. 29.S. Screen pictures when bonds are tested with the pulse-echo method. aNo bond; b to 
d satisfactory bond; band c bond with small difference in acoustic impedances; d bond with 
large difference; b and d bond with small attenuation in the second layer; c bond with high at
tenuation 
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no back-wall echo, only weak traces of the sequence a (Fig.29.5) appear, the differ
ence between good and bad being always very clear. 

The case shown in Fig. 29.5c occurs in homogeneous lead coating. At low gains a 
satisfactorily bonded spot produces practically no echoes because the lead layer ab
sorbs all energy. The contrast as compared with an unbonded spot then shows up 
clearly. The test is best made from the steel side and should be made from the lead 
side only if absolutely unavoidable. It is then helpful if the lead, by alloying it with 
antimony and tin, is harder and more transmissive than pure lead. Attention should 
then be paid to the echoes returned from the steel. According to [1285] a lack of 
bond is readily detectable, if necessary after the lead layer has been slightly heated 
and hammered. 

Less clearly recognizable is the difference in case d. Since the two transit times 
are in the ratio 1 :4, the various echo sequences partially coincide, producing a pic
ture which may be very similar to that of case a (no bond) if the coupling fluctuates. 
In general, however, the difference can still be recognized by the mutual interfer
ence of the echo sequences. In cases b und d the close echo sequence may show 
maxima, as in Figs. 16.20 and 16.21, from which deductions can be made on the 
transmittance of the bonding layer. If the second material in case d is very light, 
e. g. foamed material, and at the same time the bonding layer very thin, the test is 
no longer reliable. 

The old problem of testing the adhesive bond strength of a rubber/metal bond for 
example, which could not be solved using the above mentioned methods, seems 
now to have found a solution by a sort of attenuation measurement of low-fre
quency waves, called the "stress-wave factor" method (SWF). For details see Sec
tion 33.3 and [S 70, S 55]. 

For bonded laminar joints of parts with thicknesses of the order of a few mil
limeters and less, high frequencies (10 to 15 MHz) and shock wave probes must be 
used. Figure 29.6 shows an example of the type in Fig.29.5b, but with lower ampli
fication. The differences in the impedances between steel and copper as well as be
tween copper and molybdenum are very small, so that from a good bond no echoes 
from the boundaries are to be seen. The good quality of both bonds is indicated by 
the rear echo from the complete sandwich, viz. from the rear face of the 0.5 mm 
thick molybdenum plate. The test has been performed in a mechanized device re
sulting in a C scan of the assembly as shown in Fig. 29.7. 

In the chemical industry the masonry or concrete linings of some process ves
sels or containers are checked in order to determine whether the lining still adheres 
to the steel shell. A bonded, dry concrete lining can readily be distinguished from 
one completely separated when the test is made from the outside, by the higher 
damping of the echo sequence in the steel, but only very unreliably if the inside is 
filled with liquid which has penetrated into the gap. If the concrete lining is com
pletely absent, this can sometimes be recognized by a back-wall echo being ob
tained through the liquid, from the remote side of the vessel, e. g. on steel pipes 
lined with a centrifugally cast layer of concrete. In another case such as the linings 
of cellulose digesters, penetrating acid corrodes the wall and these areas can be dis
tinguished from those which are still protected, by the less distinct formation of the 
echo sequence from the steel wall. 



470 29 Testing of Other Types of Joint 

Fig. 29.6. Bond testing of supports for power transistors (drawing not true to scale) : REMo rear 
echo from molybdenum layer, GE intermediate boundary echoes 

Fig. 29.7. C·scan record of the test in Fig. 29.6 
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Adhesive bonds of strongly absorbing layers on metal such as linings for brakes 
or clutches should be treated like rubber-metal bonds. When the echo method is 
used, they can be tested only from the metal side because of the strong absorption 
in the lining. Sound-transmission by immersion technique affords low frequencies. 

An important application is the testing of adhesive bonds between thin sheets 
in aircraft construction. Here, it is required to distinguish the cases in Fig. 29.8 a to 
c (bad), from d (good). For the usual gauges of about 1-mm high-frequency contact 
probes are required. 

It is easy to distinguish cases a and b from c and d. Case c, however, presents 
difficulties and one can decide on a purely empirical basis from the somewhat dif
ferent screen traces or use the method of frequency analysis of the echo (see Chap
ter 19). For this purpose the old type of resonance wall-thickness meter has also 
been used. Depending on the special circumstances one obtains several resonance 
frequencies having different amplitudes. From these one can make empirical deci
sions based on the results obtained from test pieces. This principle is the basis of 
specially built bond testers [1511]. The use of frequency analyzers as auxiliary in
struments to wide-band flaw detectors often allows much finer discrimination. See 
[1272, 1511, 1550a (with many further references), 1629, 1284, 927, 1164, 66, 227, 
S.61, S 134]. According to [1673] SH-transverse waves have been used instead of 
longitudinal waves (see Section 2.4). 

Honeycomb structures (Fig. 29.9), because of their high strength-to-weight ratio, 
playa considerable role in aircraft and rocket construction. They require the testing 
of bonds between the sheet skin (usually aluminium but also stainless steel, tita
nium or plastic) and the honeycomb core (usually aluminium, but also copper, 
steel or plastic). The bond usually consists of self-curing adhesives, or brazing for 
particularly strong constructions. 

Although the honeycomb walls usually consist of only 0.1 mm or even thinner 
metal strips, they transmit ultrasound of considerably greater wavelength from one 
side to the other, and reportedly at 0.5 and 1 MHz even better than at higher fre-

a b c d 

Fig. 29.8. Bonding test of bonded aluminium sheets. a to c bad; d good 
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Fig. 29.9. Cross-section through honeycomb structure, schematic, with faulty and good bond
ing 
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Fig. 29.10. Ultragraph screen picture of a honeycomb structure with defective bonded area 
(Automation Industries Inc. Pasadena Calif., USA) 

quencies. One can thus use the immersion technique with sound transmission and 
still detect flawed areas of about 1 cm2• 

Using the echo method, with its usual resolution only cases a and b can be dis
tinguished from c and d (Fig. 29.9). However, since it can be assumed that the con
dition in c occurs only rarely, this still permits safe differentiation between a good 
and a bad bond (Fig. 29.10). 

Compound castings such as finned aluminium cyclinder-head castings with 
bonded cast iron lining can be tested from inside the cylinder by the echo method 
in an immersion technique. 

The testing of the bonding of enamel-coatings is best carried out from the en
amel side. It is sometimes also necessary to test for cracks in the coating. This can 
be achieved with an angle probe, for example for 700 in steel, swivelling into all di
rections because of the random direction of such cracks. 

Electroplating is checked from the coating side, if a rear echo from the base ob
ject can be obtained. Otherwise surface waves can be used, giving echoes from non
bonded areas. 

For further literature see [1586, 273, 692, 435, 1191, 1045, 1102, 149, 150, 1034, 
472, 326, 808, 80~ 458, 56, 65, 1586, 1191, 1045, 352, 273, 692, 435, 1173, 1464, 
593, 1351, 1059, 713, 1388, 1267, 1248, 910, 1264, 1290, S 32]. For using high-fre
quency ultrasound to test thin soldered joints see [528, 537]. 



29.3 Laminates, Compound Materials, Composites 473 

29.3 Laminates, Compound Materials, Composites 

This group of materials includes many new examples which have found wide appli
cation in the aerospace and missile industries. They consist of metallic and non
metallic layers, including in the latter case composite materials such as fiber-rein
forced resins using carbon (CRC), glass (ORC), boron or aramid fibers. For other 
filled plastics see Chapter 32. The sections to be tested can be from a few millimetres 
thick up to more than 100 mm and the areas involved go up to several metres 
square. As well as construction elements for air- and spacecraft with plane and 
curved shapes, tubes are also produced from these materials. 

Possible defects include delaminations, pores, inclusions, cracks and gaps, also 
transverse to the main directions, which are produced by bonding faults, by insuffi
cient resin, incomplete curing or lack of inter-layer adhesion. The attenuation in 
these materials is usually very high and can be as high as 1000 dB/m even at 
0.5 MHz. 

Because of their relatively low impedance plastic composites can also be tested 
by airborne ultrasound, using high power pulses of low frequencies [S 139). 

In this application acoustic emission testing (Chapter 14) has also found appli
cation. During stressing fiber fractures and delaminations are easily indicated 
[1051, 1637, 583). 

For measuring thicknesses as well as for angle-beam testing it has to be noted 
that these materials are usually strongly anisotropic [980). 

Manual testing methods are mostly not economic. In practice large installations 
with mechanized scanning and full immersion techniques, or water-jet coupling 
with either vertical or horizontal jet directions, is the usual choice. The results are 
usually presented as C-scan recordings or further evaluation of the data is carried 
out by a computer. 

The echo method is useful only with thin pieces. As a consequence of the low 
frequency which has to be used the resolution both laterally and in depth is poor. In 
this case through transmission is of advantage either using two probes, one on each 
side, or both on one side in a V configuration. One can also observe a rear-face 
echo or an echo from a reflector placed in the water behind the piece. 

With curved complicated surfaces mechanized guidance in contact is less suc
cessful than water-jet coupling as illustrated in Fig. 29.11. In this installation large 

Fig. 29.11. The water-jet (squirter) probes of the test 
installation of the CANDET company, Toronto 
(courtesy CANDET) 
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aircraft parts fabricated from compound materials, or made of a honeycomb struc
ture are tested in the vertical position using three pairs of water jets. The very stable 
water jets allow even echo techniques to be used. The testing speed is 0.3 mis, and 
defects down to a minimum of 30 mm2 can be recognized in a C scan recording of 
0.9 m total width. 

An installation of the Nukem company [905] uses an immersion technique with 
a horizontal position of the test pieces. The results from two groups of three probes 
which simultaneously test the structure and measure the thickness, are digitized for 
further data processing. By logarithmic digitizing very large ranges of signal ampli
tude are processed without changing the sensitivity controls. 

From the computer memory, recordings are provided as required, either a 
B scan or an evaluated C scan. The computer also controls the probe guidance me
chanism when non-planar pieces are to be tested. 

For further installations of this kind see [246, 801, 594, 997, 419, 905, 1109]. 
See further for the general test problem [348,256,228,347,341,804,330,988,665, 
1255, 1380, 288, S 176, S 62, S 28, S 5], for material attenuation [904, 626, 1567], 
for acoustic velocity [1322, 1323, S 85, S 60, S 174, S 144], for fatigue cracking in 
these materials [814,1628] and especially for the heat shield of the space shuttle see 
[56, 65]. 

29.4 Bearing Boxes 

On slide or shell bearings the bonding of the tin or lead-bronze liner to the steel 
backing has to be tested. If the bearing metal is cast-on it is readily penetrated by 
frequencies up to 5 MHz in the usual thicknesses of up to 10 mm. The bearing alloy 
has approximately the same acoustic impedance as steel, with the result that a prop
erly bonded boundary gives only weak echoes. Sprayed metal coatings are also 
transparent but in thin layers only, for example silver of a few tenths of a millimetre 
thick in miniature bearings. Thicker layers cannot be tested therefore from the 
coating side. 

The test of the bonding is usually performed with the echo method, as recom
mended in the paper ISO 4386 [1730] s.a. DIN 4386, p.560. 

If the shape, and the material, of the supporting backing member is favorable, 
the bond can also be tested using the echo from the bond and the back echo of the 
support. If the quality is to be determined without the use of a back echo, then a 
reference echo from a simulated test block which gives a back echo can be used af
ter precalibration by destructive methods, 

The backing members are usually of simple cylindrical shape, but with oil 
grooves and fIxing flanges. For the test in immersion technique, two halves are 
fIxed together on a turntable and mechanically scanned as in the installation shown 
in Fig. 29.12 which is a computer-aided system with full evaluation and recording 
[334]. Bearings of various types can be checked, axial, radial, segmented and com
bined bearings with either plane or dovetailed bonds. The device also serves to test 
the bearing material for pores and shrinkage, if sufficient extra thickness has 
been provided for the fInishing operations. 
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Fig. 29.12. Computer-aided immersion test 
installation for compound slide bearings 
(courtesy BBC company, Baden, Switzer
land) 

If large bearings with linings at least 4 mm thick must be manually tested, a con
tact probe using a shaped delay line is suitable [986]. 

Since standard probes cannot be introduced into small cylindrical bearings it is 
possible in this case to make use of a 45° mirror on the axis of the immersed bear
ing which deflects the beam onto the bearing surface in a radial direction and fo
cusses it at the same time. 

29.5 Shrink Fits 

The transmittance of a boundary, separating parts of identical material but with no 
adhesive between them, depends on the ratio of the residual air gap to the wave
length (Figs. 2.3 and 2.4) . Whereas the optically plane faces of precision gauge 
blocks become almost wholly transmissive if simply placed together without external 
pressure being applied, to achieve the same result if the surfaces are less perfect re
quires a substantial external pressure. Thus, the transmission or reflection at such a 
boundary can be used for determining the external pressure for a given surface 
roughness, e. g. for the general measurement of high pressures [840] or to determine 
the quality of a shrink fit between cylindrical surfaces [652, 653]. 

According to Fig. 29.13 the ratio of shrink-fit echo to back-wall echo where this 
exists, can be used for qualitative grading according to the following pattern: 

1. Shrink-fit echo ~ back-wall echo: shrink fit very good, 
2. Shrink-fit echo < back-wall echo: shrink fit good, 
3. Shrink-fit echo> back-wall echo: shrink fit moderate to bad, 
4. Shrink-fit echo ~ back-wall echo: shrink fit very bad. 
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Fig. 29.13. Shrink fit on hollow core and schematic screen pictures (combination echoes have 
been omitted for greater clarity) 

In the last case a long multiple-echo sequence from the shrink fit is ob
tained. 

As far as any quantitative evaluation is concerned, it should be noted that both 
echoes are a function of the radius of curvature and the sound path. If one operates 
in the far-field of the probe, it is recommended that the multiplication factors be 
first determined from Fig. 3.13 so as to calculate the echo amplitudes for flat boun
dary faces. With these it is then possible to compare the shrink fits of differently 
shaped specimens if one also makes additional allowances for the distance depen
dence of the echo amplitude according to the DGS diagram. For instance, using 
flat plates one can calibrate the echo amplitudes empirically by applying different 
external pressures and calculating the results for cylindrical shrink fits of various 
shapes. If the surface conditions are approximately the same, the shrink-fit pressure 
can then be estimated in absolute figures. To exclude the influence of attenuation, 
low frequencies should be used. 

In a shrink fit onto a solid cylinder, as shown in Fig. 29.14, the sound travels 
through the interface twice. The back-wall echo then appears as an echo sequence 
which may start with small echoes as in Fig. 16.22 and which has a maximum. The 
further back the maximum appears in this sequence, the greater is the reflectivity 
and the lower the quality of the shrink fit. 

Bad Fig.29.14. Shrink fit on solid core 
and with relatively thin shell; sche
matic screen picture of good and bad 
bond 
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If oil has entered the interface, as may happen in the case of old shrink fits 
which have become loose, the transmittance is greatly increased as shown in 
Figs. 2.3 and 2.4, so that evaluation according to the above grading table may give 
misleading results. The evaluation should then be graded down by at least one step. 
To be on the safe side it is recommended that the oil be expelled by heating; cf. 
also [1359, 1252, 1358, S 114]. 

A new method for connecting tubes of several centimetres in diameter is the so
called eryofit method in which a fitting sleeve of "Tinel" metal is slipped over the 
adjacent ends of the tubes. Since Tinel has the property of expanding when 
cooled this allows the sleeve to be fitted easily after cooling in liquid air for exam
ple, and thus giving a good shrink fit after regaining ambient temperatures. The 
subsequent shrink fit has been tested by Tsao et al. at 10 MHz [1541]. 



30 Nuclear Power Plants 

Because of the very high safety demands for nuclear power stations all components 
of the primary circuit, including the reactor pressure vessel and the circulation sys
tem, have to undergo several detailed utrasonic tests. Before the plant is put into 
service the so-called zero test or "fingerprint" inspection is made. Additionally in
service tests have to be made in Germany of the pressure vessel every 4 years along 
with 50 % of the remaining components after the first 4 years and the other 50 % at 
the following in-service inspection, and so on. Other countries have similar specifi
cations, corresponding wholly or in part with the German requirements (see Chap
ter 34). In several detailed specifications (rules of the Reaktorsicherheits-Kommis
sion RSK [1745], of the Kerntechnischer Ausschuss (KTA) [1732] and 
DIN-Standards [1719]) the areas of application of the different tests are specified 
including the relevant sections of the components involved, the timing and extent 
of testing, and the techniques and equipment to be usded. Ultrasonic testing is 
specified as the basic method in these requirements. 

Additionally the same components are inspected during manufacture by their 
manufacturer, the constructor of the power plant, and the Technischer Uberwa
chungsverein (TUv), all independently of one another. This three-fold testing has, 
however, in practice proved not to be justified [1540]. These production tests are 
also performed more and more using mechanized devices. For these developments 
see [1050, 1469, 1277]. 

The zero or base test provides full data on the initial state of the plant before it 
enters service. Later tests are compared with these initial results to reveal changes 
caused by the relevant service conditions. 

In-service tests often have to be performed under so-called hot conditions in an 
environment of intense radiation levels so that they must provide for remote con
trol and. rapid mechanized testing procedures. 

Short testing times are also desirable from the view of costs and in-service tests 
are frequently combined therefore with plant shut-downs for other operations such 
as the change of fuel elements. A complete pressure-vessel test including all prepar
ation can take several weeks even utilising 24-hour working days. 

In several countries remotely controlled test installations for nuclear power sta
tion components have been developed. We will first describe such developments in 
Germany and follow briefly with similar developments in other countries. The de
velopment has been mainly sponsored by governments and includes remote-con
trolled manipulators for probes, automated scanning systems, computer-aided data 
processing and computer software for on-line and off line processing of documenta
tion, as for example B or C scan records. Some parts, for example the probe manip
ulators, must be designed to allow easy decontamination from radioactive material 
[S 115]. 
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30.1 Reactor Pressure Vessel 

The nuclear reactors used for commercial power generation in Germany are of the 
the light-water type, which means the pressure vessel is filled with ordinary water. 
Of this there are two different types, the pressurized-water reactor (DWR) and the 
boiling-water reactor (SWR) (Fig. 30.1). Within the complete primary circuit which 
consists of reactor pressure vessel, steam generator, pressure regulator and connect
ing pipes, the first mentioned is the most important from the point of view of test
ing. Figure 30.1 shows the two types of vessel which are welded together from many 
individual component parts. The inside surfaces are cladded with austenitic stain
less steel several millimetres thick as a protection against corrosion. 

30.1.1 Pressurized-Water Reactor 

In this design the nuclear reactor is first removed from the pressure vessel and so it 
can be tested from inside using a full water-immersion technique but with probes 

Nozzle, welded in 

DWR 

o Special in-service test required 

o Normal in-service test required SWR 

Fig. 30.1. Pressure vessels for pressurized-water reactor (DWR) and boiling-water reactor 
(SWR) of equal power (600 MW), older design, schematic. Testing zones circled 
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Fig.30.2. Central manipulator for in-vessel tests of the MAN pressurized-water reactor. 
a Cross-section, schematic, showing 1 slewing column crane, 2 service trolley, 3 monorail
mounted crane trolley, 4 mast sections, 5 mast bearing, 6 cross bridge, 7 manipulator bridge, 
8 mast-centering support, 9 telescopic tube, 10 swivel arm, 11 probe-system mount for cylin
der and nozzles, 12 probe-system mount for the vessel base; b general view (courtesy MAN, 
NUmberg) 

in close contact with the surface. Figure 30.2 shows the manipulator mast for guid
ing the different probe systems which are fixed to different mounts for testing the 
cylindrical welds, the spherical-bottom circular weld and the various welded nozzles. 
The areas tested are scanned under water and therefore coupling is no problem. 
The cylinder cap and its fixing bolts are first removed and then tested separately 
(see below). 
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External vertical rails are also provided to allow additional testing to be carried 
out from the outside surface as is necessary for the BWR pressure vessel. 

30.1.2 Boiling-Water Reactor 

The pressure vessels have to be inspected from the outside surfaces, because it is 
not possible to remove the reactor from inside. Coupling of probes is carried out 
with running water, and a continuous coupling check must be provided therefore as 
distinct from immersion testing from the inside. For the cylindrical portion perma
nent vertical rails are fixed, on which a trolley can run provided with means for 
transverse/circular movement (Fig. 30.3). The probe system is mounted on the tra
verse travelling gear, the probes being universally mounted and arranged to mean
der-scan the surface. Formerly the trolley had to be transferred manually from one 
rail to the next, but in recent designs this has also been mechanized to avoid excess 

b 
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I 
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Fig. 30.3. Manipulators for the external testing of a boiling-water reactor vessel. a Design 
KWU, 1 manipUlator for the screw bolts, 2 universal manipulator, 3 concrete shield, 4 longit
udinal rails for circular- and longitudinal welds (flange seam, nozzle seams), 5 guiding rails 
for the base circular-seam manipulator, 6 bottom rail; b design MAN, 1 service platform, 
2 testing trolley, 3 longitudinal rail, 4 lifting motor, 5 probe system, 6 probe for the spherical 
base, 7 testing trolley, 8 bottom rail 
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radiation exposure for the operator. This was possible only because now the gap be
tween the pressure vessel and the concrete biological shield is wider. Additionally 
the nozzle welds are tested by very complicated manipulators also mounted on the 
same rails. The spherical base of a boiling water reactor (Fig. 30.3b) carries many 
nozzles through which the control rods are guided. Probes for testing these run 
along rails fitted in the gaps between the tubing. 

30.1.3 Cylindrical Portion of Pressure Vessels; Multi-probe Systems 

The testing speed achieved on the cylindrical portion is about 50 mm/s with a posi
tional accuracy of ±2 mrn. The distance between scanning paths is from 10 to 
20mrn. 

Figure 30.4 shows schematically the multi-probe system used for testing the cy
lindrical section of the pressure vessel, and especially the circumferential welds, in
cluding the heat-affected zone, for detecting longitudinal and transverse defects. 
The vessel wall, which can be more than 100 mm thick, is divided into separate test
ing zones, for application of single-probe and tandem-probe (pitch and catch) tech
niques. The central zones 2 and 3, are tested using 45° transverse waves transmitted 

Zone no. Cladding 
1 23 
2 1,0 

3 1,0 

I, 

Cladding 

23 

2 1,0 

3 40 /1,3 

I, 1,0 

4 Probe chain I 

SE 70· LSE 70· SEO· LSE 70· SE70· 

Imt---~m~-~mt-~0t---1m~· Probe chain 2 

Probe combination ZI 

IIDI----{I]}-& -[D}---. - Probe chain I 

SEI,5· SEtS SEI,5· SE45° 

Fig. 30.4. Probe combinations, using two probe chains for testing the cylindrical section of a 
BWR pressure vessel from the outside (according to the test specification of the Hamburger 
Elektrizitlitswerke for the Brunsbiittel power plant) 



30.1 Reactor Pressure Vessels 483 

by probes 2 and 3. Dangerous defect types which could be oriented perpendicular 
to the vessel surfaces, will reflect ultrasound via the back wall to the receiver 4. 

The recording limit is set as 6 dB below the echo from a 10-mm circular flat re
flector. 

The inner and outer zones are tested simultaneously using 45° transverse-wave 
probes 1 and 4, working as transmitter-receiver. Possible reflectors not orientated in 
the perpendicular through-wall direction are found better by the single-probe echo 
technique. For the echo technique the recording limit is equal to a reflector 3 mm 
in diameter when the wall thickness is greater than 40 mID. For the pitch and catch
technique sensitivity see [882]. 

The outer near-surface zones 1 and 4 are tested with the echo technique at the 
half and the full skip distances for 45° using probes 1 and 4. Additionally the layer 
near the probes is checked by using longitudinal wave TR-angle probes of 2 to 
4 MHz (probes 6 and 8). These probes detect under-cladding cracks when used 
from the inside surface (see below). 

It is advisable to use additional angle probes, with angles other than 45°, espe
cially for the central zones (70° probes 5 and 9) as well as a normal probes (7) for 
defects lying parallel to the surface. Figure 30.5 shows one of these angle probes for 
thick welds equipped with a wear frame which provides a small water-filled gap at 
the surface. Its height depends on the surface quality and is different for the 
smooth outside surface and the more irregular cladding surface inside [1396]. 

When testing from outside, the cladded inner surface acts as a reflector for the 
pitch and catch technique. However, for inside testing it creates difficulties for the 
uniform propagation of sound. This interference is indicated by the variations in 
the through-transmission between probes 1 and 4. The reasons for this are the irre
gularities of the cladding surface, of the bond line between cladding and basic plate 
and of its thickness, Additionally variations in the grain structure of the cladding 
and base material also play a role. The overall effect is that the sound field is dis
turbed, the attenuation varies and the axes of the beams can be deflected from 
their nominal position [1703, 1004, 1641]. To take account of these variations they 
are first recorded over a representative length and the values averaged, from which 
the additional gain needed is evaluated. This blanket correction means that about 
half of all amplitude measurements are under-valued and the rest are over-valued. 
A method which does not use a blanket correction for these disturbing influences, 
but applies a local adjustment is reported in [339]. 

Fig. 30.5. Angle probe for thick welds 
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Parent plate 
Fig. 30.6. Testing from the cladded sur
face for undercladding cracks with a 
longitudinal-wave angle probe 

During testing, the V-transmission pulse is recorded continuously to indicate 
the point-by-point level of local variations and it also helps to detect very large de
fects by the shadow method. 

The test of the zone near the cladding layer is especially hampered by the scat
tering from the austenitic structure, and by the surface form especially over the 
grooves between adjacent cladding strips. For the test of this region, where under
cladding cracks can occur (Fig. 30.6) the longitudinal angle probe has been used 
successfully [871]. In recent years under-cladding cracks have been detected in 
several nuclear power plants [1312, 1281, 1220, S. 47, S 59]. 

The same probe and inspection technique can also be of value in the test from 
outside to detect subsurface defects, in addition to the test via a whole skip using 
45° probes. 

In a SWR the critical sub-cladding zone can only be tested from the outside 
surface by using the comer reflection with transverse waves of 45° or even higher 
angles to diminish the noise arising from the cladding structure. 

For all these tests frequencies of 1 and 2 MHz are preferred since they have con
siderably lower fluctuations of through-transmission intensity [1004] and a lower 
noise level from the cladding. In addition the reliability of detecting obliquely 
oriented flat defects is higher [438]. Advantages of using higher frequencies are of 
course better resolution and location of defects, but detectability is better when us
ing lower frequencies. 

f-·-
Fig. 30.7. Testing of nozzle welds 
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When probes are used in sliding contact with the surfaces and follow its contour 
the deviations of the beam are less serious than with fixed positions when mounted 
on a manipulator at a distance [1234]. In addition the influence of the water tem
perature on the beam angle is smaller when using a contact technique. 

30.1.4. Nozzle-Weld Testing 

For the testing of nozzle welds, probe combinations which are suited to the geometry 
are used (Fig. 30.7). The nozzle corners are the most critical parts of the pressure 
vessel because of the high local stress. They are tested with the longitudinal TR 
angle-probe technique from inside or with the single-probe echo technique from 
outside (Fig. 30.8) [643, 1647, 1219, 390, 1220, 1382, S 49, S 136, S 140, S 136]. 

LTR-Iechnique 

Cracks 

Fig. 30.8. Testing of nozzle edges using standard angle probes and longitudinal-wave TR 
probes 

Fig. 30.9. Testing of a bolt socket Fig. 30.10. Testing of a nut 
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Fig. 30.11. Testing of a bolt 

Fig. 30.12. Shadow effect on the thread indications 

30.1.5 Bolt Sockets and Nuts 

Figures 30.9 and 30.10 illustrate the practical techniques in use. Special probes 
have been designed for testing of the bolt-hole region of the pressure vessel as well 
as for the bolts and nuts themselves. 

30.1.6 Testing of Bolts 

As Fig. 30.11 shows fixing bolts are best tested using special probes from the inside 
of the axial borehole [1233]. The probes are of cylindrical shape and are fixed to a 
guide rod. They contain transmitter/receiver transducers for detecting cracks in the 
threads by the reflection of transverse waves using the comer effect. The optimum 
beam angle depends on the form of the thread. Larger cracks originating from the 

Fig. 30.13. Bottom of a SWR 
pressure vessel (inverted) dur
ing manufacture 
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root of the thread can also be detected by the shadow effect. As Fig. 30.12 illustrates 
the threads in front of the crack are clearly indicated whereas the ones immediately 
behind it are hidden in its shadow. See also [S 99]. 

30.1.7 Testing of the Perforated Zone 

The bottom ofthe SWR and the cap of the DWR are spherically shaped sections with 
multiple perforations for the many vertical nozzles (Fig. 30.13). Their inner sur
faces are also cladded and the areas between the nozzles are tested in the critical 
region near the cladding by using obliquely incident transverse waves from the out
side surface (Fig. 30.14) [1394]. Here also the test is hampered by strongly scattered 

Fig. 30.14. Testing of the nozzle region 

Fig. 30.15. Multi-probe combination for the spheri
cal bottom of a SWR pressure vessel 

Fig. 30.16. Probe trolley on rail for testing the nozzle region (courtesy MAN) 
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sound from the cladding so that a frequency of 1 MHz is usually the optimum 
[1393]. For the choice of the optimum beam angle the bad accessibility had to be 
taken into account since the test head can only be manoeuvred in the narrow gaps 
between the nozzle holes. This fact and the complicated geometry which changes 
from point to point, necessitates a wide choice of probes with different beam angles 
and orientations, the angles being usually between 40° and 55° [1391, 1393, 
S 22]. 

Figure 30.15 shows an appropriate multi-probe combination, housed in a cast 
resin block which is fitted to the spherical curvature of selected gaps. The block is 
moved through the gaps by a motor-driven trolley (Fig. 30.16). See also [S 183]. 

30.2 The Electronic Equipment for Ultrasonic Reactor 
Pressure-Vessel Testing 

A typical electronic test system for the ultrasonic test of the cylindrical portion consists of be
tween 40 and 50 different circuits for test and control functions in each test cycle. They op
erate with many probe channels using multiplexing methods and in a typical design of Kraut
kramer each channel can be programmed individually by digital instructions specifying each 
individual step (Fig. 30.17). 

A cycle starts with the generating of a pulse, which is fed to the appropriate probe. A sig
nal received by the same or by another probe is fed to a logarithmic preamplifier and then to 
the common main amplifier. It is then digitized. by a 8-bit AID converter. The 100-dB range 
of the combined amplifiers is divided into 256 parts so that all individual indications can be 
considered including even the noise from the material structure. Following the AID converter 
a digitized A-scan display is available, which is obtained from the maximum amplitudes of 
the positive or negative half-cycles occurring in the HF form of the echo. Because the differ
ent probes corresponding to the various functions and cycles can have different sensitivities, 
they are equalized by individual gain adjustments. To each function belongs an individual 
gate position and a corresponding distance-amplitude correction is applied to it. 

A similar series of operations follows for each individual probe channel and all the elec
tronic data from each cycle are stored on tape together with the positional data of the mechani
cal probe system. 

When all test and control functions have been completed the probe system is moved for
ward by I mm after which the next cycle begins. At a probe travel speed of 50 mmls the cycle 
frequency must be 50 Hz. If one cycle contains 45 functions for example, the pUlse-repetition 
frequency is 50 x 45 = 2250 Hz. 

During each cycle one control function checks one transmitter or receiver, the result be
ing stored and recorded. Unusual deviations from the nominally expected function generate 
an alarm signal (Fig. 30.17). 

Finally an evaluation unit operates with the equipment which includes a computer and a 
printer for on-line evaluation. Since printers operate much more slowly than tape recorders 
some data reduction is necessary. For this purpose the primary amplitude data are subdivided 
into ten portions so that for each function only the maximum value of a selection of primary 
data sets is printed in which the number of them can be selected arbitrarily. 

Figure 30.18 shows the complete system, but in practice each component is lo
cated at a different place during testing. The probe connection box is situated n!,ar 
the manipulator, so that for in-service tests it is within the irradiated area. It con
tains the pulse transmitters, the preamplifiers, the main amplifier and the AID con
verter. The probes are connected to this unit by 35 m long HF cables. 
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Basic electronics (main rack) 

Fig. 30.17. Block diagram of a multi-channel electronic system for ultrasonic testing of nuc
lear power plants (Krautkriimer design). 1 probes, 2 pulse transmitters, 3 preamplifier, (logar
ithmic, dynamic range 100 dB), 4 main amplifier, 5 Analog/Digital converter, 6 adder (scal
ing), 7 line monitoring, 8 control unit (stability check, sensitivity compensation), 
9 bi-directional data bus, 10 synchronization, 11 differential line drivers/receivers, 12 echo 
data, 13 central control unit, multiplexer, 14 trigger control pulse and pulse repetition rate, 
15 transit-time unit, 16 display, 17 keyboard, 18 line monitoring, 19 gate unit, 20 maximum
amplitude determination, 21 DAC (distance/amplitude correction), 22 adder stage, 23 opto
coupler, 24 bi-directional data bus, 25 synchronization, 26 external synchronization, 27 sta
tus, 28 cycle control 

During in-service tests the basic electronics (main rack) is housed in an air-con
ditioned lift-van placed outside the reactor bUilding. It is connected to the probe 
connection box by 150 m long cables for the controls and for the transfer of the di
gitized data. This method of transfer suffers much less interference than using ana
log methods. In the van there it also situated the data-recording unit, the evaluation 
unit, and the data printer. 

More recently so-called active probes have been developed, which also contain 
the pulse transmitter and the preamplifier, and these units are much less subject to 
electrical HF interference. They will be working with the latest flaw detector, IM-
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Fig. 30.18. Electronic system for testing nuclear reactor pressure vessels (design Krautkramer) 

PULS-l , of Krautkrlimer. For the future highly flexible units (modules with intelli
gence, using a microprocessor for each module) will also be used for reactor testing 
exclusively. 

30.3 Computer Evaluation 

The full evaluation of the data from a complete reactor test must be carried out off
line because of its large volume. The evaluation programs process the data from 
the magnetic tapes into C scans of a series of selected depth zones. The indicated 
amplitudes are sorted into ten steps, which are finally printed by using different nu
merical symbols, resulting in an evaluated C-scan image (Fig. 30.19). The minimum 
separation of the screen dots is the distance between two adjacent measuring 
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Fig. 30.19. Computer print-out of a 
digitized C scan from a reactor test 
(courtesy MAN) 
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points, for example 1 mm. For larger separations each printed symbol represents 
the maximum value of several points (Fig. 30.19). B-scans can also be printed, as 
well as statistical evaluations of for example the fluctuations of the through-trans
mission signal amplitudes acting as coupling control signals (event-occurrence dis
tribution curve and summaries). 

The complete results of the evaluation is called the classification atlas. 
More details about the methods of evaluation used by the companies Ham

burger Elektrizitiitswerke and MAN is given in [590). 
In the program of Kraftwerks Union (KWU) the total tested volume is divided 

into cubic subdivisions of 40 x 40 x 50 mm. From the total of all indications from 
each test function arising from a particular cubic volume the average is taken, thus 
reducing the large number to one for each function. Only these average values are 
used as the basis of the classification atlas. This method is called TIM (Teilvolu
men - Integrations Methode; partial-volumes integration method) [1581). 

In all systems the base data are stored on tape and are available for later evalua
tion and for comparison with subsequent in-service tests. 

30.4 Analysis of Reflector Types 

The pressure-vessel inspections as reported above are often referred to as defect
search tests, because their function is to detect and locate the position of any defect 
[1392]. For subsequent analysis of the reflectors located other systems are used, for 
example using focussed probes or acoustic holography, see [397, 225, 459) and Chap
ter 13. Analysis here means evaluation of the defect shape, whether flat or volumi
nous [1297, 1362, 1397, 1432). For measuring the defect depth see [579, 397), con
cerning the ALOK-method in nuclear power stations see [100, 102, 391]. 

30.5 Other Components of the Primary Circuit 

The testing of welds in piping, pressure-control valves and heat exchangers has also 
been mechanized. For heat-exchanger tubes see [388, 638). For the internal surface 
test of these tubes the eddy-current method is also applied, as for example in the 
combined probe in Fig. 30.20. For subsurface defects creeping-wave techniques are 
also used. As already mentioned these tests are often hampered by metallurgical 
structure as for example in austenitic welds [644, 642, 359, 358, 357, 1470, 540, 
860). Here also the systems P-Scan and Sutar (Section 13.12) find application. To 
reduce the exposure to radiation for operators permanently built-in rails have also 
been installed on components of the primary circuit [389, 439, 1221). 

A special system has been developed for testing leaking fuel-element cans so 
that any water-filled fuel element can be removed and replaced. Figure 30.21 shows 
the principle schematically. A twin probe containing transmitter and receiver crys-
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Fig. 30.20. Combined test head for testing heat-exchangerlsteam
generator tubes. It contains both ultrasonic and eddy-current 
probes (design KWU Erlangen). 1 level of coupling liquid, 2 rotat
ing probe head, 3 ultrasonic probe and eddy-current probe, 4 exit 
hole for coupling liquid, 5 guiding and sealing ring, 6 housing 
containing electric' motor, bearings, gears, electric transfer ele
ments (slip rings), 7 preamplifier, 8 control and test cables, 
9 transport cable, 10 feed of coupling medium 
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Fig. 30.21. Testing of fuel-element canning tubes (Braun-Boveri and Co. and Babcock Braun
Boveri Reaktor GmbH) 
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tals is slipped over the canning tube and if the tube is water-filled the through
transmission signal is strongly reduced. Each 10-MHz probe has a thickness of 
only 1.5 mm, to fit in between the tubes. Length scanning is carried out mechani
cally as well as the transfer from one tube to the next [1324, 108]. For further litera
ture concerning reactor testing in Germany see [1650, 317, 1073, 1423, 340, S 83, 
S 48, S 12, S 22]. 

30.6 Testing of Nucelar Reactors in the USA 

In the USA the production inspection of nuclear components is not subject to 
mandatory ultrasonic inspection. The zero test and subsequent in-service inspec
tions are specified in the AS ME Boiler and Pressure Vessel Code, Sections III and 
XI [1695, 74, 298] and in the Nuclear Regulatory Commission' Guide [1740, 231]. 
According to these specifications different angles of transverse waves have to be 
used, 45° and 60°, and 0° longitudinal-wave testing with single-crystal probes. Pitch 
and catch techniques are not required. These ASME specifications are widely ap
plied in countries using reactors of US design and production. The specifications 
for in-service tests in the USA and in Germany are compared in [1540, 1539, 
387]. 

In [686 and 251] systems developed in the USA for the defect search test of the 
pressure vessel are described, and according to [898] these can be considered as fi
nalized. Later developments are concerned with the testing of other parts of the pri
mary circit, for example nozzles and piping [926] and with the techniques of defect 
analysis, for example acoustic holography [683] and SAFT-UT [712, 504]. See also 
Chapter 13, and [1060, 296]. Pattern-recognition methods (partially with adaptive 
learning) are among the more advanced methods used, for example for nozzle-edge 
testing [1612] and for testing pipe welds [1293]. In [294] the use ofEMATs (see Sec
tion 8.4) for the test of heat-exchanger tubes is reported. Other systems using 
phased arrays have also been developed for defect analysis [121] see Chapter 13. 
Concerning the state of the art for in-service testing of tubes in US nuclear reactors 
see [1065]. 

30.7 Reliability of Tests 

In the USA a program has been established by the PVRC (Pressure Vessel Research 
Committee) to check the reliability and reproducibility of ultrasonic weld testing in 
nuclear pressure vessels. Several thick-walled test specimens have been specially 
manufactured for this purpose and these have been tested by several inspection 
teams for locating and sizing of the defects they contain. Eventually they have been 
investigated destructively [240, 1396]. In Europe similar investigations were com
menced in the mid-1970s using three test plates from the second PVRC-program. 
This was the so-called PISC I program. Ten European countries have taken part 



494 30 Nuclear Power Plants 

in this work [1145, 220, 1146]. The basis for these tests have been the specifications 
of the ASME Code, Section XI, for nuclear power reactor testing, but for compar
ison purposes more advanced techniques, such as pitch and catch and focussed 
probe techniques, have been used in the PISC I programme. The general results 
indicated that the existing codes could be amended to ensure that all important 
defects can be detected by all the inspection teams. For the PISC II programme see 
[S 119, S 71, S 41, S 63, S 140]. 

Further international programs including European countries, Japan, Canada 
and the USA, with the exchange of test specimens are in progress for the evaluation 
of the reliability of tests on thick-walled welded vessels. [240, 278, 279, S 42]. For 
national programs of similar scope see [723, 1480, 295, 128, 1069, 75, 1594, 316, 
332, 1092, S 31]. 

30.8 Testing of Nuclear Reactors in Japan 

Similar systems to those reported above are also in use in Japan. In [76) the rela
vant Japanes codes are reported. In addition it covers proposals for reactor designs 
which facilitate testing, and for the mechanized testing of DWR and SWR reactor 
vessels and other critical components up to 1981. See further [707) for the current 
status and development trends in Japan. For austenitic tubes in the primary circuit 
see [970). See further [1484, 1408) for Japanese designs for mechanized testing in
stallations, [1676) for pattern-recognition methods for nozzle-edge testing and 
[1148) for a comparison between destructive and non-destructive tests of natural de
fects in nuclear components. 

30.9 Testing of Nuclear Reactors in Great Britain 

Up to now no light-water reactors have been built in Great Britain for commercial 
power generation because the power industry has concentrated on heavy-water and 
gas-cooled designs. However, much development work has been carried out for the 
mechanized testing of nuclear pressure vessels and other components of the pri
mary circuit, because the construction of pressurized-water reactors is planned. For 
a survey see [1118, 1117, 1417, S 31). A system developed by the UKAEA (United 
Kingdom Atomic Energy Authority) called CIRCE [657), is similar in principle to 
the reported ones. 

In [429) a system is described which uses a curved phased array to control the 
beam angle and for the sizing of defects transit-time methods are also used. In [255) 
a proposal is made to improve nozzle-edge testing from inside by separated trans
mitter/receiver arrangements using specular reflection from the faces of a radial 
crack and this is to be used in the PISC II programme [278]. 

Installations for remote controlled testing have been developed for some parts 
of the existing heavy-water reactors (e. g. for pressure tubings, [154)) as well as for 
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the gas-cooled reactor types Magnox and AGR (Advanced gas-cooled reactor). In a 
CEGB (Central Electricity Generating Board) report [384] a device for manual test
ing of welds in Magnox reactors is described including advanced on-line or off line 
data processing to produce transverse B scans, C scan and D scans (= longitudinal 
B scan) with colour graphics for the amplitude discrimination. For more details see 
also [730]. To measure the thickness of oxide layers in these reactors ultrasonic 
spectroscopy has also been used [1181, 1117, S 37]. 

30.10 Testing of Nuclear Reactors in France 

For the testing of pressurised-water reactor vessels which are widely used in France 
immersion techniques are used from the inside, using focussed single probes [1313]. 
Using a central mast the probes are transported and guided without contact with 
the surface. The complete probe system consists of about 15 probes with different 
focus depths and beam angles. Defect search and defect sizing is thus performed by 
a single scan only. The system has been developed by the CEA (Commission a I'En
ergie Atomique). 

Analog B scans are produced in real time and are also stored on video tape for 
permanent records [1304]. In addition all test data are stored in real time on magne
tic tape, from which real-time C scans can be derived or produced for later evalua
tion. 

A second fully digitized system has also been developed, consisting of the inter
face between ultrasonic equipment and the computer called STADUS, and the soft
ware for the computer including the evaluation units, called PRODUS [1311, 473, 
1560]. 

[1564] reports on the important field of testing nozzle welds and edges, and 
[1537] on the test of austenitic welds with focussed probes by immersion tech
niques. [741] shows possibilities of improving the test of austenitic welds by pat
tern-recognition methods with adaptive learning. [894] reports on French standards 
for the production test of nuclear components. 

In-service tests of heat-exhanger tubing is normally carried out with eddy-cur
rent methods. There are in addition specially designed rotating probes for ultra
sonic testing from inside, equipped with the appropriate mirrors so that testing for 
both longitudinal and transverse defects can be carried out [1184, 499]. 

A recent description of French techniques for testing pressurized-water reactors 
is given in [1310]. 

30.11 Testing of Nuclear Reactors in the Come com Region 

In the USSR and other countries of Comecom great interest is shown in the finger
print and in-service testing of reactor pressure vessels. As well as the single-probe 
techniques using different angles, similar to those mentioned above, pitch and 
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catch techniques also nnd application, to detect defects oriented perpendicular to 
the surface [1214]. In [565] there is a survey dating from 1980 with many references 
and for the latest state see [414, 648]. 

30.12 Testing of Nuclear Reactor by Sound-Emission Analysis 

SEA (see Chapter 14) has achieved increasing importance, especially during the 
pressure test of the components of the primary circuit. Small leakages are easily re
vealed and sound emission can also be used to detect cracks by the emission of 
acoustic energy during crack growth. This principle can also be used in a perma
nent survey, for detecting a growing crack during service [1578, 372, 706, 1593, 373, 
1671, 132]. 

30.13 Ultrasonic Testing of Fast-Breeder Reactors 

In countries such as Britain, France and Germany, testing methods have been deve
loped, or adapted, to solve fast-breeder reactor problems. The primary-circuit com
ponents in sodium-cooled LMFBR (Liquid metal fast-breeder reactors) are made 
exclusively from austenitic stainless steel, so that the methods mentioned above for 
testing austenite, such as TR techniques with longitudinal waves and shock-wave 
pulses, must be considered (see Section 28.1.6). For in-service tests the difficulties 
are increased by the fact that testing must be carried out at about 200°C. 

Suitable probes are reported in [1000] and for further information see [235, 
1704, 1107, 1016, 1105]. 



31 Metallic Materials and their Specific Problems 
for Ultrasonic Testing 

31.1 Steels 

The Table of the sound velocities for different steels, published in the 3rd edition of 
this book, page 527, shows differences ofless than 5 % for different states of working 
and for the various alloying metals no systematic influence can be recognized. The 
processing conditions such as heat treatment, hardening, quenching and cold work
ing have a larger influence than the alloying elements. In general both longitudinal 
and transverse velocities as well as the attenuation decrease as a result of such pro
cesses. The deviations from the value 5.93 kmls for most practical applications can 
be neglected, but not if precise wall-thickness measurements are to be made. Care 
must also be taken when using angle probes because a change of only 1 % in the 
transverse wave velocity at a nominal beam angle of 70° causes a change of 1.5°. In 
critical cases, as for instance at the critical angles for the generation of Rayleigh or 
creeping waves, velocity changes must be taken into account, and in these cases 
the decrease of the velocity with temperature also plays a role [437, 1162,450]. 

On thin sheets, the influence of texture makes itself felt. For zigzag transverse 
waves different acoustic velocities and sound attenuations are obtained in direc
tions normal and parallel to the rolling direction. In the case of plate waves, this 
anisotropy manifests itself by the fact that an optimum excitation angle determined 
for the one direction is no longer valid for the other. 

As a rule, in the forged or rolled condition almost all steels show satisfactory 
transmittance. However, a few high-alloy steels have a tendency to form coarse 
grains and this may show great differences between one spot and another, which 
can be explained easily by the fact that the scatter increases with the third power of 
the grain size. On the other hand some alloyed steels show exceptionally low atten
uation which may also be a disadvantage in testing because delayed multiple 
echoes could produce phantom echoes (Section 10.2). To suppress this latter phen
omenon, the pulse repetition frequency should be reduced. It has not yet been ex
plained whether this effect, which is observed particularly in stainless nickel steels, 
results from the alloying and the fine-grained structure, or simply from the fact that 
these steels have fewer inclusions than ordinary carbon steels because of the clean 
melting in electric furnaces. Regarding austenitic steels, see Holmes [682]. 

By a suitable choice of probe and at very high gain, small impurities of a few 
tenths of a millimetre in diameter can be detected in steel. Thus appropriate evalu
ation makes it possible to check the whole volume of steel test pieces for minute 
inclusions (cleanliness), in contrast to the currently used, elaborate microscopic 
methods, which can cover only a particular cross-section. Regarding the develop-
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Fig. 31.1. Fracture face of a Cr-Mo steel showing fibrous structure which could not be de
tected by ultrasonics (according to Marianeschi) 

ment of a method recommended by ASTM [1737] and the experiences made with 
it, see [1061, 1062,267,216,217,1334,289]. 

When testing steel for inclusions and segregation, failures of the ultrasonic 
method are rare. Dubious cases usually arise when there are closed segregations 
which produce no echoes. In a few cases it has also been found that the cause was a 
pronounced banded structure which the destructive test interpreted as a flaw. An
other case of a so-called fibrous fracture in forged Cr-Mo-steel blocks of 220 
x 220 mm cross-section shown in Fig. 31.1 could not be detected even at 5 MHz. 
This concerned segregation of chromium oxide. 

When finely rolled out, sulphide slag inclusions in steel plate cannot be de
tected reliably with ultrasound but they can result in reduced transverse tensile 
strength (lamellar tearing). 

See further [1684,342,1157,1435,67] and on austenite see Chapter 27 and Sec
tion 28.1.6. 

31.2 Cast Steel 

Little is known about differences of acoustic velocities in cast steel. In the case of 
unalloyed and low-alloy steel castings the attenuation at 1 to 2 MHz is usually so 
low that specimens of thickness 1 m and more can be penetrated without difficulty. 
High-alloy cast steel, due to its coarse grain and the anisotropy of its structure, is 
difficult to test. Manganese-hardened steel, due to its extremely high acoustic at
tenuation can usually only be tested for coarse defects by the through-transmission 
method. For cast stainless steel see also [S 93, S 92]. 

For all types of cast metal is should not be forgotten that the attenuation is also 
partially influenced by genuine small cavities and impurities, so that the possibility 
of testing may depend on the metal purity and the method of casting. 

For literature on cast steel, see Chapter 27 and [286,1237,787,1485,1486,147, 
1096]. 



31.3 Cast Iron 499 

31.3 Cast Iron 

For defect testing, grey cast iron is not very suitable. Figure 31.2 shows how the atten
uation caused by absorption as well as by scattering influences the ultrasonic 
test. 

It is perhaps not surprising that the sound velocity, as well as the attenuation, 
varies within very wide limits if the different constitutions and casting conditions, 
with their consequences for the structure, are considered. 
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Fig. 31.2. Tests on cast iron 100 mm thick (ASTM 3-4) at different frequencies and sensitiv
ity. All probes have been adjusted to the same echo height on a 30-mm steel plate at O-dB 
gain. At 0.5 and 1 MHz the attenuation is of no consequence since a full back-wall echo is ob
tained at 0 dB, but with 2 MHz only at 20 dB, with 4 MHz only at 55 dB and with 6 MHz none 
at all. At this high gain (55 dB) the scatter at 2, 4 and 6 MHz is remarkably constant. The diffi
culty of testing cast iron thus arises from the attenuation and not from the scattering. With 0.5 
or 1 MHz the dead zone of about 40 mm prevents flaw detection near the surface. The remedy 
would be by using a TR probe. 
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According to the form of the graphite, it is possible to distinguish between 
lamellar cast-iron (with plate-shaped graphite particles, cf. Figs. 31.8a and b) and 
nodular cast iron (with spherical graphite particles, cf. Fig. 31.8 c). The latter can be 
produced also with an austenitic stucture. Table 31.1 shows the different qualities 
with their standard codes as used in various countries, together with their relevant 
tensile strengths. 
We should also mention a special form, viz. white cast iron, which is obtained either 
intentionally or unintentionally by rapidly cooling ordinary gray cast iron and 
which is characterized by great hardness and brittleness. Its acoustic velocity differs 
only slightly from that of steel, and its attentuation, because of its relatively fine 
structure (ledeburite), is much lower than that of lamellar cast iron and approxi
mately comparable with that of cast steel. It is produced intentionally in chill cast
ings, for example rolls, providing a local hard surface layer (see below). Workpieces 
which have solidified with a completely white structure are usually unsuitable and 
these faulty castings can be sorted out readily on the basis of their ultrasonic pro
perties. 

Tabele 31.1 

Grey cast iron 

UK West Germany France ISO U.T.S." U.T.S. 
BS 145211977 (1961) DIN 1691 NFA 32-101 R 185 t/sq in N/mm2 

180 (12) GG20 Fr200 20 12 180 
220 (14) GG25 Fr250 25 14 220 
260 (17) GG30 Fr300 30 17 260 
300 (20) GG35 Fr 350 35 20 300 

Spheroidal graphite cast iron 

UK West Germany France ISO U.T.S. U.T.S. 
BS 278911973 (1961) DIN 1693/1973 NFA 32-201 ISO 1083/1976 t/sq in N/mm2 

370/17 (SNG 24/17) GGG 35-5 FGS 370117 370/17 24 370 
420/12 (SNG 27 (12) GGG40 FGS 400112 420112 27 420 
50017 (SNG 3217) GGG50 FGS 50017 50017 32 500 
600/3 (SNG 37/2) GGG60 FGS 600/3 600/3 37 600 
70012 (SNG 42/2) GGG70 FGS 700/2 700/2 42 700 
80012 (SNG 47(2) GGG80 FGS 80012 80012 47 800 

Austenitic spheroidal graphite cast iron 

UK West Germany France ISO USA U.T.S. U.T.S. 
BS 346811974 DIN 169411977 NFA 31-301 289211973 ASTM A 439 t/sq in N/mm2 

S-Ni-Cr 20-2 
S-Ni-Cr 20-3 
S-Ni 35 
S-Ni-Cr 35-3 

GGG Ni-Cr 20-2 
GGG Ni-Cr 20-3 
GGG Ni35 
GGG Ni-Cr-35-3 

" Ultimate tensile strength 

SNC 20-2 
SNC 20-3 
SN 35 
SNC 35-3 

S-Ni-Cr 20-2 D2 
S-Ni-Cr 20-3 D2B 
S-Ni 35 D5 
S-Ni-Cr 35-3 D5B 

24 
25 
24 
24 

370 
390 
370 
370 
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Fig. 31.3. Longitudinal acoustic v:elocity in lamellar cast iron containing graphite particles of 
different size and quantity according to Ziegler and Gerstner. The right-hand ordinate shows 
relative acoustic velocity referred to steel (5.95 km/s). 

In lamellar cast iron the length of the lamellae, indicating the coarseness of the 
graphite, is expressed by code numbers from 1 to 8, corresponding to lamella 
lengths visible in micro-section in the range from 1 mm to 0.015 mm [1697,889]. 

The relationship between the properties of cast iron and the acoustic velocities 
has been investigaged by Ziegler and Gerstner [1688, 525]. The dependence of the 
longitudinal-wave velocity on the size and quantity oj the graphite is shown in 
Fig.31.3, indicating that with decreasing coarseness and quantity it approaches that 
of steel. Since in fine-grain lamellar cast iron the amount of graphite is also usually 
smaller, the rule for practical purposes can be stated as, the finer the graphite the 
higher the acoustic velocity. 

According to measurements by Patterson and Bodmer [1177] the velocity of the 
transverse waves is linearly related to the longitudinal velocity (Fig. 31.4), even if 
the spheroidal cast iron discussed below is included. 

According to [1688] a second important correlation exists for the saturation of 
the cast iron with carbon, which can be calculated from the formula: 

c 
Sc = 4.23 - 0.312 Si - 0.275 P 

given the percentage content of carbon (C), silicon (Si) and phosphorus (P). Ac
cording to Fig. 31.5 this correlation is given by a straight-line graph with a slight 
bend at saturation 1, and the method of velocity measurement can replace chemi
cal analysis for rapid determination of Sc provided the shape of the test sample and 
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Fig. 31.5. Acoustic velocity of longitudinal waves in lamellar cast iron as a function of the de
gree of saturation of the carbon, according to Ziegler and Gerstner 

the casting conditions remain constant. In this connection Frielinghaus [478] has 
established in addition a distinct influence of the wall thickness of the casting con
cerned which can be explained by differences in the cooling speeds which deI!end on 
the wall thickness and influence the structure, and therefore the velocity and the at
tenuation (see Chapter 27, Fig. 27.8). 

Finally, the tensile strength is also a linear function of the acoustic velocity 
(Fig. 31.6), as long as the method of melting remains the same (for example me
dium frequency electric induction furnace or cupola). Surprisingly it is independ
ent of the wall thickness and clearly the influences of both the size and the quantity 
of the graphite tend to cancel each other. In practice, it is of great importance to be 
able to measure the tensile strength at various points in a casting having different 
wall thicknesses, by determining the true thickness d mechanically and the appar
ent wall thickness d. by means of an ultrasonic instrument calibrated for steel. The 
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Fig. 31.6. Longitudinal acoustic velocity in lamellar cast iron as a function of the tensile 
strength, for melts produced in different types of furnace, according to Ziegler and Gerstner 

ratio did. « 1) is also the ratio of the acoustic velocities Ceast iron/ Csteel> shown in 
Fig. 31.6 on the right. However, according to [478] a slight influence of the wall 
thickness is detectable even here. Nevertheless, the relationship between acoustic 
velocity and strength when determined on similar work pieces has been found to be 
acceptable as a quality control check and even for acceptance purposes [1688, 98]. 

The hardness can also be related to the acoustic velocity and determined from it 
empirically if the other conditions remain constant, as confIrmed by Thieme [1515] 
on chilled rolls for the average hardness of the core. Allowance must be made in 
this case for the very different acoustic velocity in the white iron shell. 

In gray cast iron it is often important to be able to measure the wall thickness at 
mechanically inaccessible points, e. g. in cylinder block castings. However, since 
the acoustic velocity in tum depends to some extent on the wall thickness, this 
makes the measurement difficult. A linear relation exists (Fig. 31.7) which, how
ever, depends also on the degree of saturation. Although the latter is constant for a 
given melt, as well as for the whole casting, it is not always known. To overcome 
this difficulty in practice one can measure the wall thickness mechanically at two 
accessible points where it differs as much as possible, interpolating linearly for the 
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a b c 

Fig. 31.8. Micrographs of cast iron with different graphite structures (Patterson and Bodmer), 
a and b lamellar, c spheroidal. a Structure AI , 2.78 % graphite ; b As, 1.7% graphite; c 2.52 % 
graphite, wholly spheroidal 

intermediate points. High accuracy is not possible, but not normally required. 
Where an error up to 5 % can be accepted, the influence of the wall thickness can be 
neglected completely if the instrument is calibrated at a mean wall thickness. 
Sometimes it is only a question of determining whether the walls of the cylinder 
bore are eccentric. This merely requires comparative measurements at various 
points with no definite calibration. 

Spheroidal cast iron shows markedly different behaviour in respect of both ultra
sonic attenuation and velocity, the reasons for which become clear when the micro
sections (Fig. 31 .8) are compared. Even for almost identical total graphite content, 
as for instance in Figs. 31.8 a and c, the spheroidal form reduces the acoustic veloc
ity to a far smaller extent than the lamellar form and has also a smaller influence 
on the sound transmission. According to [1688] the acoustic velocity is a unique 
measure of the ratio between spheroidal graphite and total graphite (Fig. 31.9) as 
long as the saturation remains constant. Since the latter is approximately known 
when making the cast, the acoustic velocity can serve as a measure of quality for 
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Fig. 31.9. Longitudinal acoustic velocity in spheroidal cast iron as a function of the ratio of 
spheroidal graphite to total graphite content, according to Ziegler and Gerstner 
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spheroidal cast iron. In the case of wholly spheroidal graphite the acoustic velocity 
is at least 96 % of that of steel, irrespective of the saturation, see also [S 81]. 

More accurate investigations concerning the graphite formation are found in 
[1374, 169, 1473, 497]. 

The acoustic attenuation of nodular cast iron in the frequency range normally 
used for metals testing is independent of the quantity and the size of the spherical 
graphite particles, and is determined by the structure of the matrix. It is small in 
the case of a ferritic or perlitic matrix, as commonly used in castings, but can be 
very high in the case of special castings with an austenitic matrix [481, 1196]. 

If it is desired to determine the tensile strength of high-quality grades of cast 
iron of either the lamellar or spheroidal type, on the basis of ultrasonis measure
ments, it has been shown [1622] that to a rust approximation Young's modulus can 
be determined with sufficient accuracy on the basis of the longitudinal velocity 
alone. To deduce from this modulus the tensile strength is, however, not generally 
acceptable. This requires the determination of an additional quantity, for example 
an indentation hardness, and both measurements can be made on the finished 
piece [788]. 

The attenuation in grey iron castings also provides a useful possibility for the 
non-destructive determination of technological properties. Its measurement with 
satisfactory accuracy is, however, less simple than that of the velocity, particularly 
on the finished pieces because it requires parallel surfaces. 

It has long been known that in general cast iron having tensile-strength values 
above 200 N/mm2 is sufficiently transmissive for flaw detection, even at frequencies 
above 1 MHz. Conversely, the approximate tensile strength can be deduced from 
the attenuation. Howewer, satisfactory calibration is possible only if in a test series 
all variables except one are kept constant. As an example, good transmission for 
flaw detection with 2 MHz can be expected for lamellar cast iron with code num
bers above 4 which means having lamellae less than 0,1 mm long. 

According to [1622] a correlation exists between the attenuation and Young's 
modulus in the case of high-quality cast iron with spheroidal graphite, which is in
dependent of the heat treatment and the structure. 

The difficulty encountered in measuring absolute values of the attenuation 
[851] does not prevent the establishment of quality-control checks on the basis of 
the decrease in echo amplitude of a given echo sequence, which is adequate for 
practical requirements. One can then use either sample blocks while keeping the 
conditions regarding dimensions and instrument adjustment constant, or alterna
tively one can test directly on approximately plane-parallel areas on identical cast
ings with as-cast surfaces. In this way it has been found possible, for instance, to 
sort out under production conditions brake drums for automobiles according to 
their strength with an accuracy of ±20 N/mm2, by empirically correlating the ten
sile strength to the ratio of the echo amplitudes of two chosen echoes cf. [1253, 
1315, 1029]. 

Here, it should not be overlooked that such a simply defined attenuation value 
in addition to the true attentuation factor, is affected also by the probe because 
spreading of the sound beam also changes the echo amplitude. It is therefore not 
permissible to measure simply at different frequencies and deduce therefrom the 
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frequency dependence of the attenuation nor may different specimen thicknesses 
be simply compared with each other (cf. Chapter 33). 

In addition, Frielinghaus has found linear relationships between the logarithm 
of the coefficient of attenuation on the one hand, and respectively the degree ofsat
uration, the density and the tensile strength on the other. In all instances, however, 
the wall thickness appears as an additional parameter. Under certain conditions 
measurement of the attenuation, provided this can be carried out in practice in an 
acceptable form, may look more promising than measurements of the acoustic ve
locity [478, 490), Zettler has also investigated the correlation between attenuation 
and the elastic properties of cast iron [1687]. 

In thick-walled castings the unavoidable different solidification times are respon
sible for structural differences between the surface and the core, which as a rule do 
not manifest themselves by distinct echoes during testing because the transitions 
are gradual. These differences are however, very pronounced if the specimen is 
tested parallel to the surface. The attenuation is lower, and the acoustic velocity 
higher, near the surface than in the central zone, because of the finer segregation of 
graphite which occurs during rapid cooling. Only in the case of chill castings where 
the choice of a particular composition and deliberately rapid cooling produce a 
layer of white cast iron near the surface, are the transitions so abrupt and the differ
ences of the acoustic properties so great, that distinct echoes can be obtained from 
the transition zones, if tested perpendicular to the surface (Thieme [1515, 1689, 
1217]). This fact has already been practically exploited for some time for measuring 
the thickness of the hard surface layer. The high transmittance of the white cast 
iron makes the use of frequencies up to 10 MHz possible. In the case of thin layers, 
less than 10 mm thick, the dead zone of a single probe frequently interferes so that 
the use of a TR probe is recommended. 

Finally, of interest from a metallurgical point of view, is the fact that pig iron 
under certain conditions of production shows relatively good acoustic transmission, 
resembling in this as well as in other properties, good-quality cast iron (Stager and 
Meister [1453]). 

Lehtinen has measured the sound velocity also in liquid cast iron [911]; see fur
ther [53, 223]. 

31.4 Light-Metal Alloys 

It is well established that for alloys of aluminium andlor magnesium, with small 
amount of heavy metals (less than 1 %), the anisotropy is so significant that the 
grain size has little or no effect on the testability in practice. Ultrasonic tests can be 
made readily in ingots which are continuously cast, in spite of the occasional occur
rence of very large grain size. In contrast to steel, testing of highquality light-metal 
ingots can already begin as soon as they have cooled sufficiently. At this stage a 
transverse test using longitudinal waves can reveal gross defects, such as radial 
cracks in the core (spiders). On sawn sections approximately 1 m long it is possible 
also to detect small flaws, such as entrapped slag (dross) by testing from the cut 
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Fig. 31.10. Fracture specimens of extruded light·metal sections with flaws which cannot be re
liably detected by ultrasonics. Above: rolled-out shrinkage in flat material (sealed lamina· 
tion); below: fibrous fracture in 60-mm round stock 

faces. Customary frequencies are 1 to 2 MHz. Since the outer skin on continuously 
cast ingots is very uneven but metallically clean, this is adequate for a rough test 
but occasionally it may be advisable to grind a few areas or longitudinal tracks. 
Very good tests can be made on the cast ingot after the rough-milling operation in 
preparation for rolling. However, the value of excessively sensitive tests is rather 
questionable because some small flaws are not found again in the finished pro
duct. 

Failures of ultrasonic tests occur in the case of worked light metal more fre
quently than with other metals. Firstly, some flaws in spite of favorable orientation 
normal to the sound beam may be of considerably greater area than estimated by 
the DGS diagram or by a comparison with flat bottom holes, which is probably due 
to a certain transmittance of very thin slag inclusions when rolled out. Probably for 
the same reason it is sometimes possible to observe with ultrasonics rolled-out 
shrinkage cavities only up to a certain size, although the flaw is actually of greater 
length and is readily revealed by a destructive test (Fig. 31.10). 

Similarly pronounced macro-segregations as in Fig. 31.11 cannot be detected 
with frequencies up to 5 MHz although the specimen concerned bursts even at 
moderate load. This particular flaw could only be detected at 10 and 15 MHz but 

Fig. 31.11. Macro-etching of an aluminium section with a flaw difficult to detect (analysis 
0.55 % Mg, 0.80 % Si, 0.33 % Fe, remainder Al) (natural size) 
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even then only by an echo corresponding to an equivalent defect of 1 mm in diame
ter. Higher frequencies are therefore preferable for detecting such flaws in light me
tal but a preceding heat treatment often helps a successful test. 

When light metal of any given cross-section is extruded, it is of interest to de
tect the transition zone between the normal, fine-grained structure and the coarser 
structure with its inferior mechanical properties, which is sometimes encountered 
in the extrusion near to the end of the ingot. A very simple ultrasonic method can 
be used for this purpose in which the pulse-echo instrument as adjusted for a very 
long measuring range, e. g. 5 m, at high gain. The individual multiple echoes to
gether with various transverse echoes, can then hardly be distinguished from each 
other (Fig. 31.12) but they form a brush the length of which gives an indication of 
attenuation which, despite being generally very small in light metals, gives marked 
differences between zones of fine and coarse grain. 

Light-metal alloys with greater proportions of heavy metals differ considerably 
in their behaviour, particularly when cast. The casting method, whether by continu
ous casting, or casting in sand moulds or ingot moulds, as well as the cooling condi
tions, have also a great influence, which indicates that the anisotropy in some com
plex crystals is no longer negligible. No quantitative measurements are available of 
the attenuation and it is therefore only possible to draw attention to a few general 
points. 

The common alloys produced for extruding and rolling have good to excellent trans
mission (at 2 MHz) even if they contain several per cent of copper and manganese. According 
to Stager, Schutz and Meister (1452) the precipitation-hardening alloy AI-Cu-Ti (4.76 % Cu, 
0.27 % Ti) when cast in sand shows low transmission even at 1 MHz. Strong scattering echoes 
may possibly result from segregations of copper, which still interfere considerably even after 
heat treatment. The Mg-AI-Zn-Mn alloy with 0.88% AI, 0.69% Zn and 0.17% Mn behaves 
similarly. By constrast, Mg-Zn-Zr with 3.93 % Zn and 1.1 % Zr shows good transmission, at 
least when cast in an upright position although some of the zirconium is deposited as insolu
ble zirconium oxide at the grain boundaries. After heat treatment the attenuation usually de
creases slightly, but in some cases it also increases, which would seem more logical, because ef
fective heat treatment results in the segregation of the supersaturated complex crystals. Since 
the reasons for this behaviour are as yet obscure, it is not possible to draw any conclusions 

Fig. 31.12. The "brush" method for comparing the attenuation in similarly shaped specimens, 
applied here at a frequency of 4 MHz for testing the structure in extruded round aluminium 
bars of 80 mm in diameter. a In the normal state; b with a coarse structure 
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concerning the hardening and tempering from the attenuation. However, since it is of practi
cal interest to be able to check this condition by non-destructive means, the measurement of 
the transverse acoustic velocity may turn out to be a useful method. In the case of the above 
alloys in the cast state this velocity is increased by hardening and tempering, in contrast to the 
longitudinal velocity which shows no clear change (1452). 

The behaviour of the acoustic velocity of the longitudinal waves in light-metal alloys is 
still puzzling in some respects. While ordinary extrusion alloys, such as AI-Cu-Mg-Mn-Si 
(with 4.48 % Cu, 1.26 % Mg, 0.74 %Mn, 0.54 % Si) very closely approach the value measured in 
pure aluminium (viz. about 6.2 km/s) according to (1452), cast alloys show values some of 
which are considerably higher, while others are lower. According to (941) the longitudinal
wave velocity in the case of AI-Mg-Si with only 0.57% Mg, 0.68% Si, 0.74% Mn and 0.20% Fe, 
Cl = 6.72 km/s in a continuously cast ingot, while the above-mentioned precipitation-harden
ing alloys if cast in sand have velocity values between 5.4 and 5.7 km/s which in addition dis
tinctly depend on the wall thickness (as in the case of cast iron). 

Since, therefore, the structure can have a considerable influence on the acoustic velocity, 
one must be careful in attributing any change of its value to a change on concentration of the 
alloying constituents. Lukas and Lutsch (941) have found in the above-mentioned alloy AI
Mg-Si an increase of 1.5 % from the core towards the periphery of a cast ingot and they suspect 
that this is due to an increase of the silicon from 0.54 % to 0.67 %. However, this seems ques
tionable because this element does not change the acoustic velocity in AI-Cu-Mg-Mn-Si ap
preciably as compared with pure aluminium, and a quite considerable change of the acoustic 
velocity has been measured as a function of the grain size in pure aluminium, an effect which 
can also be assumed to be present in alloys. The change might thus also be explained by differ
ences between the structure in the core and at the periphery. 

The pronounced radial texture in continuously cast ingots has already been suspected of 
being the cause of curvature in the sound beam but this phenomenon can possibly also be ex
plained by the side-wall effect. 

For further information see [477, 839, 969, 1299, 1553, 376, 839, 425, 977]. 

31.5 Copper and its Alloys 

Because of the anisotropy of copper, and particularly of its mixed crystals with zinc, 
the inspector using ultrasonics is particularly wary of copper, brass and bronze in 
the cast state. 

Single crystals and very coarse crystalline material are, however, not particularly 
difficult to test. Extruded brass plates a few centimetres thick occasionally have 
clearly visible crystals with dimensions comparable to the plate thickness and the 
diameter of the probe. During scanning the clearly visible back-wall echo jumps 
back and forth by a multiple of its width, in accordance with the random orienta
tion of the crystal being irradiated at that moment and the corresponding sound 
velocity. This demonstrates that the true absorption makes only a minor contribu
tion to the total attenuation, whereas the main contribution in a polycrystalline 
material is the grain scattering. 

As soon as the diameter of the sound beam has become wide enough to cover 
several adjacent grains, the testability becomes nil where small shrinkage cavities 
and gas pores up to about the size of a pea have to be detected. This therefore eli
minates all untreated sand castings and die castings, and even continuously cast 
billets. Only for a grain size about 100 times less than that produced by means of 
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centrifugal casting, the cast structure again becomes readily transmissive and 
then it can be tested almost as easily as worked material of the same composition. 
This was confirmed by measurements of Stager, Schutz and Meister [1453] on a 
number of copper alloys. 

Reference [1453] also showed that suitable heat treatment to relieve residual 
stresses, below the recrystallization temperature, can slightly improve the transmitt
ance of otherwise non-transmissive material, so that such specimens can pos
sibly be tested for large defects. However, if prior to final working, for example con
version of copper into wire, or brass ingots into plate, a more accurate test is 
required, there is no alternative to performing this test after the early-rolling passes. 
The improvement produced is astonishing and the testability of the final product is 
no longer dependent upon the exact type of material. In the case of wall-thickness 
measurements it should, however, be noted that the copper alloys have a pronounced 
tendency to show a rolling texture. If the thickness calibration has been made on a 
section of one copper plate, gross errors in thickness may result if other plates are 
measured using this one calibration. The acoustic velocity changes from plate to 
plate can be very pronounced because of different textures. The instrument should 
therefore be adjusted directly on each plate to be measured. 

The testing problems encountered on centrifugal castings are the detection of 
pore clusters (best achieved by using frequencies up to 5 MHz, testing from the ma
chined surface and observing the disappearance of the bottom echo), and the detec
tion of large pores and voids. They can be found only if not surrounded by clusters 
of micro-pores. The overall testability differs little from alloy to alloy, particularly 
for brass (Cu-Zn 72128, 58/42, Cu-Zn-Pb 58/4012) aluminium bronze (Cu-AI 92/8), 
German silver (Cu-Zn-Ni 63125/12) and red brass (Cu-Zn-Sn-Pb 88/4/4/4). Con
cerning the ultrasonic testing of cast brass types Ms 70 and Ms 72, see [312]. 

For extruded copper as tubes or hollow sections intended for water-cooled elec
trical conductors, longitudinal cracks and changes in wall thickness are easily de
tected, as well as transverse cracks with a cup shape in drawn round stock. Rolled or 
extruded brass rods can readily be tested for core defects and cracks starting from 
the surface by the same methods discusses for steel. In order to keep interfering 
echoes on extruded material caused by coarse grain as small as possible, it is re
commended to use only 2 MHz for the testing. A special defect encountered in the 
extrusion of brass is central pipe, caused by core defects in the cast ingot. Depend
ing on the extrusion die, which may be single or multiple, this defect can occur 
either in the center or on the periphery of round stock (Fig. 31.13). These are separ
ations which in the production of cartridge cases for example can lead to cracks in 
the wall. In the semi-finished piece this defect is sometimes difficult to detect be-
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Fig. 31.13. Flaw positions in extruded brass rods, with single, double and sextuple dies 
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cause it has been rendered partially transmissive by the heavy working. The micro
section then shows only microscopic discontinuous bands of inclusions which burst 
if stressed, clearly showing the nature of the defect in the fracture face. The best so
lution would be to test after the first working of the cast ingot which, however, is 
not always possible in practice. 

31.6 Other Non-ferrous Metals 

Where other metals are to be tested ultrasonically they usually present few prob
lems in view of the relatively small dimensions concerned. Pure lead has a very 
high, true absorption, but lead alloys, particularly those with a few per cent anti
mony, are harder and more transmissive. When cast into double-walled steel ca
sings used as biological shielding for reactors, it can be checked by an echo method 
if satisfactorily bonded to the steel casing. Thicknesses of 100 mm and even more 
can be tested from the outside to detect large cavities using a frequency of about 
1 MHz, but smaller pores cannot be easily detected in such lead linings; see also 
[1636]. 
Cast uranium is markedly anisotropic and it usually has to be tested in the cast 
state, in the form of plates or rods. Since small defects are of little consequence, 
thicknesses of a few centimetres can be tested successfully by sound transmission 
in an immersion technique using 1 to 2 MHz. Sharpe and Aveyard [1404] have suc
ceeded in displaying the structure of coarse-grained uranium by ultrasonics. Patel 
[1176] mentions a successful test of cast uranium rods using 2.25 MHz, and of 
rolled rods using 5 MHz. 
Little is known of the precious metals gold, silver and platinum in the cast state, but 
if worked they are readily testable with frequencies up to 5 MHz. Silver contact 
rings for electrical machines have been tested for laminations and inclusions. 
Zirconium and hafnium are used in nuclear engineering and they are already tested 
at the ingot stage. Zirconium ingots of 300 mm in diameter, and more than 1 m long, 
are tested by hand from the machined surface using 1 MHz, preferably with TR 
probes, so as to be able to detect flaws close to the surface [447, 1640]. Hafnium is 
made in smaller ingots of approximately 100 mm diameter, which can be tested by 
an immersion technique with 5 MHz after the surface has been machined [447]. In 
thin sheets both metals can be tested also at 10 MHz. 
Zircalloy tubes, as used in the construction of reactors as canning tubes for fuel ele
ments, must be absolutely free of defects. However, these tubes can be tested with
out difficulty in the immersion technique using the method described in Chap
ter 26. 
Titanium finds increasing use in aviation engineering and is tested ultrasonically 
both as an ingot and as a forging for example as landing gear for aircraft, and gas-tur
bine compressor discs, almost as easily as light metals There are no problems with 
testing rods for core or welding defects; see [1490, 1558, 92, S 13]. 
Zinc and its alloys are relatively difficult to test because of their coarse structure 
and castings made from them are usually too complex and of little value. Door-lock 
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components made of zinc die castings for automobiles have been tested for poro
sity. 
Tungsten in a dense, sintered state exhibits excellent sound transmission, but no
thing is known of testing problems for which ultrasonics could be used. 
Nickel and its highly heat-resistant alloys with chromium, aluminium and titanium 
(nimonic) can readily be tested after being worked (cf. Section 22.4, turbine 
blades), but in the cast state this is practically impossible. Blades with monocrystal 
structure, drawn from the melting charge, need no tests because they are always 
free of defects. Because of the anisotropy of the complex crystals, the formation of 
coarse grains during forging and also while in use is very troublesome. According to 
[1455] this phenomenon can be observed indirectly, both by the greatly increased 
attenuation and by the reduction of acoustic velocity. 
Kleint and Johnson have reported on the testing of nickel alloys used in rocket-mo
tor manufacture [800]. 

31. 7 Sintered Materials 

All sintered materials have a certain residual porosity, which may either be in
tended and desirable (sintered iron) or unavoidable during manufacture (tungsten, 
stellite), or often the result of wrong manufacturing methods (porcelain). Porosity 
increases the attenuation as a rule but the effect only becomes measurable at fre
quencies higher than those commonly used in materials testing since the small pore 
size must be comparable to the wavelength used. In addition, the acoustic velocity 
decreases, for which presumably the total pore volume rather than the number and 
size of the individual pores is responsible. This effect is therefore readily measu
rable at the usual testing frequencies. If all other conditions remain constant, por
osity, and thus the degree of sintering, can be measured indirectly via the attenua
tion or the sound velocity [1200, 548]. In practice this method has so far been 
applied mainly to porcelain (Section 32.1). 

In [S 132] a method is reported of measuring the elastic constants of powder 
metallurgical components by laser-generated ultrasonic pulses. See further [S 82] 
for sintered ceramics. For defects in powder metallurgical turbine parts see 
[S 50]. 

However, an apparent anomaly exists in respect of the sound velocity for sintered 
aluminium (SAP), which is practically free of porosity. Its Cl = 6.6 km/s, which is 
very much higher than normal aluminium at 6.3 km/s. 

Sintered aluminium transmits sound as well as ordinary aluminium, and sin
tered iron and sintered brass are sufficiently transmissive for testing purposes. Nu
merous small components made of these materials are tested by means of special 
probes for incipient cracks starting at edges. Nickel carbide, sintered intentionally 
in very porous form for use as electrodes, can be tested only at the lowest possible 
frequencies. 

All types of stellite, consisting of tungsten carbide in a cobalt matrix and con
taining also admixtures of other carbides such as titanium and tantalum, are very 
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transmissive and can be tested easily. Occasionally internal cracks are detected 
which are clearly recognized by the greatly disturbed echo pattern they cause. 
Plates can be tested by contact using small probes and a high frequency. Since the 
acoustic velocity can vary markedly for different grades, manufacturing conditions 
and raw materials, valid deductions regarding porosity can only be made on the ba
sis of the velocity in respect of a given batch. In addition larger and thicker pieces 
always contain local regions with dinstinctly higher attenuation. This does not ne
cessarily indicate a material fault so that the ultrasonic test has gained little accept
ance for this application. When considering echoes received from joints when 
larger pieces are made up by sintering together several smaller pieces, one must ex
ercise caution because of possible differences in structure which cannot be re
garded as defects. 

Frequently brazed joints between stellite and steel are tested. If neither the hard 
metal nor the steel has an available contact face parallel to the brazed face, one can 
with advantage use the immersion technique by irradiating the brazed face per
pendicularly using a refracted beam; see [1130, 1510, 1472, 1166]. 



32 Testing Problems on Non-metallic Specimens 
For testing of composites see Section 29.3. 

32.1 Ceramic Materials and Glass 

The main application of ultrasonic testing for ceramics and glass material is that 
used for electrical insulators. The unfired porcelain blanks, the so-called slugs, as 
long as they are saturated with water, are sufficiently transmissive at frequencies of 
0.5 to 2 MHz to be tested in thickness of a few 100 mm for larger voids and insuffi
ciently bonded joints between two or more slugs. In practice, however, tests are not 
made on the material in this state and dried blanks are no longer transmissive. 
Densely fired porcelain, as far as transmittance and acoustic velocity are con
cerned, reaches values close to those for steel. Using longitudinal waves of 5 MHz 
and higher, 1-m lengths or more can be penetrated ultrasonically. Other dense cer
amics used for insulators show similar behaviour, for example steatite, whose 
acoustic velocity exceeds even that of steel (see below) and glass has also very low 
attenuation and high velocity. 

Typical flaws are shrinkage, cracks, inclusions and a capacity to absorb water. 
In addition cracks can occur under a metal cap, the so-called transverse core 
cracks, which result from tensile tests carried out on cap-type insulators. Composite 
insulators may also have bonding defects where the separate pieces are joined to
gether. 

Shrinkage cavities when they occur in porcelain, are usually not of spherical 
shape but appear as gaps extending in the longitudinal direction, sometimes twisted 
helically (snails). These defects reduce both the mechanical and the dielectric 
strength and can be detected by the pulse-echo method using 2 to 5 MHz. On solid
core insulators the end faces prior to attaching metal caps can readily be used for 
contact testing, especially if they are prepared smooth and planar. 

A longitudinal test in fact covers the whole core (the curved external extensions 
known as petticoats are not normally tested), but because of the long sound path 
and the unfavorable orientation of the common flaws, a transverse test is custom
ary, at least as a confirmation. This also eliminates the troublesome secondary 
echoes arising in the longitudinal test from sound which somehow finds its way 
into the petticoats, particularly on hollow-core insulators with wall thicknesses of a 
few centimetres. In the transverse test a flat-faced probe is shifted around the cir
cumference from point to point, and simultaneously moved back and forth as far as 
possible between the petticoats. Nevertheless, a small defect in the core directly un
der a petticoat, may occasionally be overlooked. 

Mass-produced solid-core insulators can be tested for shrinkage, etc. on a con
veyor belt provided they can be rotated around their axis. Instead of using oil as 
couplant, which subsequently has to be cleaned ofT carefully, one can use flowing 
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water fed directly to the probe. If the testing is well organized and depending on 
their size, up to 1000 insulators can be tested per day. One-piece rod-type suspen
sion insulators, and hollow insulators, require more time and are preferably tested 
by rolling them back and forth on a horizontal surface. 

A capacity to absorb water or absorptive capacity reduces both the mechanical 
and the dielectric strength in service. Porosity is undesirable but is dangerous 
only if the pores communicate and reach the surface. Since separate pores also oc
cur, the designation "hygroscopic" would be more appropriate for a defective insu
lator than porous. At an early date it had already been suggested that the attenua
tion indicated by a sequence of back-wall echoes be used as an indication [524], but 
measurement of the acoustic velocity is more promising [1254, 109]. 

The attenuation can readily be checked qualitatively on a plane-parallel sample, 
using frequencies above 2 MHz, on the basis of the damping of the back-wall echo 
sequence, but on a real insulator, because of the unstable coupling conditions, this 
is possible only with very heavy porosity. There is also some evidence that some
times a type of absorptive capacity is encountered which only slightly affects the at
tenuation but has a very noticeable effect on the acoustic velocity. 

Figure 32.1 shows how according to measurements by Stager and Studer [1454], 
and Ranachowski and Wehr, the acoustic velocity increases with the firing tempera
ture, while at the same time the porosity decreases. Absorptive capacity is observed 
in the range which corresponds to too Iowa firing temperature. At very high tem
peratures the acoustic velocity again decreases slightly as a result of a certain in
crease in porosity, which since it concerns closed pores is harmless. According to 
Stiiber [1479] densely fired porcelain has very different acoustic velocities which 
vary with the manufacturer (see table below): 

Cl (transverse q (longitudinal C1 (longitudinal 
direction) direction) direction) 
km/s km/s kIn/s 

Porcelain I 5.60 5.80 3.52 
Porcelain II 5.67 5.84 3.59 
Porcelain III 6.11 6.18 3.68 
Steatite 6.45 6.74 3.95 

According to a VDE (Verein Deutscher Elektroingenieur) specification the fuchsine pres
sure test is used as a detecting method on fragments on which the effect of a methyl-alcohol 
fuchsine solution applied under pressure is observed. For qualitative tests the fragment is then 
washed and again broken. Sound material should reveal no internal staining. The quantitative 
determination of the absorptive capacity, as in Fig.32.1 involves measuring the increase in 
weight of a small test block. 

The permissible velocity values when used for porosity measurement can there
fore be determined only for each individual case. Based on investigations by the 
Deutsche Bundesbahn on almost 100000 contact-wire insulators [1478], these li
mits are fixed at about 0.25 kmls below the values quoted above. With this object in 
mind it is important to measure the acoustic velocities consistently in directions 
either crosswise or lengthwise with respect to the insulator. The values show that 



516 32 Testing Problems on Non-metallic Specimens 

'I 
/s 

/" 
,/ 

£0 

t 9.5 

9.0 

3.5 

r'x- / 
x--" 

" 
II'Cz t 

1\;UChSlne 
absorption 

\r L 

lA <a01% 

1JOO 1'100 ·C 
Firing temperature -

Fig. 32.1. Acoustic velocity and por
osity of porcelain versus firing tem
perature. -0- Measurements by 
Stager and Studer, -x- Mea
surements by Ranachowski and Wehr 

the latter is usually a few per cent higher, possibly because of a certain anisotropy 
resulting from the working during extrusion of the material [1609]. The measure
ment is in fact usually made in the transverse direction because any localized ab
sorptive capacity, near the end of the insulator, fails to be indicated when the mea
surement is made in the longitudinal direction, because of the averaging effect over 
the full length; see [1406, 53]. 

Cracks and fISsures in the insulator, as well as in the glazing, caused for instance 
by internal stresses or damage, can be detected by their echoes only when irradiated 
perpendicularly, because of their very smooth surfaces. In the cylindrical wall of 
hollow insulators they can be detected as in tubes, by using zigzag transverse waves 
if, during scanning, the sound beam is swung through a wide angular range. Even 
fissures affecting only the glazing are indicated but these are also readily detected 
by surface waves. In one case (Fig. 32.2) oblique cracks in the neck of a hollow cy
linder had to be detected, the test being possible only from the end face because of 
the rough surface of the barrel. They remained completely invisible with parallel 
beams and only after a probe of small diameter and low frequency was used could 
they be detected because they were then irradiated perpendicularly by part of the 
wide-angle beam; see also [778]. 

Fig. 32.2. Cracks in the neck of a hollow insu
lator 
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b 

Fig. 32.3. Testing for cracks under the cap. a On solid-core insulators; b on hollow insulators 

Cracks under the cap often occur in solid core insulators (Fig. 32.3 a) or in hollow 
insulators under the flange (Fig. 32.3 b) if they have been over-loaded during a ten
sile test. When in service, the stress on the reduced cross-section then leads to fur
ther cracks and finally even to a complete break. 

Bonding defects on cemented areas of larger pieces can be detected individually 
by the echo method although the flaw echoes are often difficult to distinguish from 
the secondary echoes received from the petticoats. Unfortunately cemented areas 
often produce pronounced echoes at points where a destructive test reveals no sign
ificant flaw. According to Weyl [1609] these are caused by a pronounced anisotropy 
in the structure of the bonding compound but with some practice they can be dis
tinguished from true flaw echoes. 

Various specifications have already been drawn up on the testing of insulators 
with ultrasound cf. [630]. 

For high-grade special ceramics used for example for turbine blades the defects 
to be found are so small that they cannot be detected by the conventional frequen
cies. This is a task for ultrasonic microscopy, see (Section 13.13) [1129, S 120] and 
high-frequency pulse-echo testing [310, 1257, 1574, S 190, S 51]. 

In the case of glass, the only practical testing of interest is the measurement of 
the thickness of large plates and this presents no difficulties using either the reson
ance or the echo method, provided the glass is not too hot. 

Iunke [738] mentions investigations on safety glass, based on measurements of 
the acoustic velocities of longitudinal, transverse and plate waves, as well as on 
measurements of plate-wave amplitudes, in order to obtain information on the frac
ture behaviour [1690, 1591, S 190]. For older literature see [27, (Section 0.21)]. 

32.2 Plastics 

In view of the wide range of different materials which come under this collective 
heading the attenuation of ultrasound, which determines the testability, extends 
from the medium values applying to solid materials without fillers, such as acrylic 
resins (perspex), ethoxylene resin (cast resin), polystyrene, polyamide and teflon, to 
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the very high values of the soft varieties of polyethylene (PE), polyvinylchloride 
(PVC) and polyisobutylene (Oppanol B). The latter group are excellent sound ab
sorbers even at the lowest frequencies used in materials testing. The hardness of a 
given plastic, unless this has been achieved by fillers or plasticisers, is thus an ap
proximate measure of its testability. 

The fact that the semi-solid state shows greater attenuation than either the li
quid or the solid state can be observed clearly during the curing of cast resins. After 
the hardener has been added, the cast resin at first still shows good transmission 
and this can be observed on the CR screen with a layer a few centimetres thick. 
When the material starts to set the back-wall echo decreases. Especially in cases 
where reaction heat is generated the echo can often no longer be observed even at 
higher gain, until it reappears after curing, at a shorter transit time as a result of in
creased acoustic velocity. 

Among the testing problems encountered on semi-finished plastic material may 
be mentioned the detection of bubbles in extruded polyamides and teflon. Solid 
cylindrical stock of diameters up to approximately 100 mm can be tested at approx
imately 1 to 2 MHz by the echo method with direct contact. The limit of detectabil
ity is reached with bubbles of approximately pea size and central piping of about 
match size. Water or oil is used as couplant and even in the case of a sliding con
tact the wear of metallized probes is insignificant [555]. 

Usually, however, TR probes are used due to their superior near-surface resolu
tion in thinner material, particularly in the case of testing frequencies of 1 MHz 
and lower. As an example of the possible flaw detectability it should be mentioned 
that in polyethylene rods of up to 150 mm in diameter, I-MHz TR probes can de
tect flaws with an equivalent reflector size of 0.3 mm in diameter. 

Compared with metals, the immersion technique here offers still better sound 
transmission, with lower reflection losses and less deflection and splitting of the 
beam on curved surfaces. Longitudinal waves are better used in the specimen, even 
at oblique incidence, because transverse waves are usually strongly damped. In this 
way it has been possible, for instance, to check teflon tubes under water for bubbles 
in the wall using I-MHz longitudinal waves, the beam being focussed by a perspex 
lens mounted in front of the transducer. The tube was moved past the probe and ro
tated simultaneously. 

Thick plates of polyethylene produced by thermoplastic pressing from granules 
can be checked for homogeneity in thicknesses exceeding 12 mm, using 1 to 
2 MHz. Plastic material similarly produced from sheets can be tested for lamina
tions like metal plates. The echo method can no longer be used on thin insulating 
laminates. If sufficiently hard, they can still be tested by transmission at frequen
cies above 2 MHz by immersion technique, while wrapped insulating tubes (with 
resin-bonded paper) already require frequencies below 1 MHz if tested for lamina
tion-like bonding defects. 

For the testing of solid-fuel rocket compounds and explosives, in which the de
tection of voids and cracks is very important, very low frequencies are required, so 
that only testing by through transmission is possible. If the test specimens are hol
low, with a cylindrical internal surface, one of the two probes is placed in contact 
inside and the sound is passed only through the outer wall under water. It is recom-
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mended that pulses of long wavelength are used for which the first half oscillation 
of the transmitted pulse is not disturbed by multiple reflections in the wall. If the 
pulse voltage of this rust peak is measured, it provides a measure of the transmitt
ance which is independent of small changes in wall thickness and beaming direc
tion. It can be used for flaw recording in automatic testing devices and an instru
ment using this principle has been designed by the Explosives Research and 
Development Establishment, Ministry of Supply, U.K. On material with a star
shaped internal cross-section the internal space can then be filled with water, or for 
case where liquid coupling is not possible a solution has been to use airborne sound 
with dry coupling [305]. 

Concerning weld testing in plastics see Section 28.1.7 and for problems con
nected with fibre reinforced plastics see Section 29.3. 

Ultrasonic measurements can also be used for determing the moisture content of plastics. 
On polyamide, for instance, both the attenuation and the acoustic velocity, change with the 
moisture content. It is, however, not recommended that the velocity be used as a criterion be
cause differences in structure, between for example the center and periphery of a disc cut 
from round stock, affect this value. The attenuation decreases noticeably from the dry zone to 
the zone saturated with moisture, so that I-MHz back-wall echoes are in the ratio 1:10. 

Another problem encountered in the plastics field is wall-thickness measurement on plas
tic tubing during manufacture, if possible immediately behind the extruder. Although this 
rather belongs to Section 33.1 (wall-thickness measurement) it is discussed here because the 
properties of plastics are involved. The formed tube should have a uniform wall thickness, and 
it should deviate as little as possible from the specified wall thickness in order to save mate
rial. These tests can be made along the cooling section by means of a TR probe with sliding 
contact, or alternatively by means of a strongly damped normal probe in an immersion tech
nique. A difficulty arises from the fact that at this point the tube is still rather hot and the 
temperature in the wall, due to different cooling, is higher near the inside. In plastics the 
acoustic velocity is greatly affected by the temperature (e.g., in hard PVC -8 mis, per degree 
temperature rise). Consequently, absolute values of the wall thickness can be measured only if 
the temperature of the pipe wall is uniform and if corresponding correction factors are ap
plied, see also [S 57]. 

On the other hand, the temperature profile on the circumference of a pipe varies only 
slightly, even in the case of non-uniform wall thickness, and differences in wall thickness 
around a given circumference can be determined with an accuracy of 0.1 to 0.2 mm by means 
of comparative measurements. This accuracy is sufficient to permit correction of the extruder 
in the case of eccentricity, cf. [480, 1495, 672]. 

32.3 Rubber 

Vulcanized natural rubber containing no fillers can be tested in thicknesses up to a 
few centimetres with frequencies up to 2 MHz. The usual commercial brands con
tain fillers such as carbon which greatly increase the attenuation. Here, only fre
quencies below 1 MHz can be considered. If layers of fabric are added as in auto
mobile tires, frequencies around 100 kHz are used. Besides the bonding of rubber 
to metal, another important testing problem is the bonding between various layers of 
rubber and fabric in automobile tires and transmission belts. 

Suggestions for inspecting automobile tires in a water bath by swept ultrasonic 
frequencies and through transmission, date back quite some time [1066, 1067, 907]. 
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In the USA, Halsey [600] mentions evaluation of the quality of automobile tires 
by the pulse-echo method, using the immersion technique, with strongly damped, 
focussed I-MHz probes. A recorder records the amplitudes of the echoes from the 
transition between rubber and carcase, revealing separations, and simultaneously 
the transit time of the intermediate echo of the carcase is measured and recorded 
which monitors the thickness of the tread. The tire is inflated for optimum geomet
rical conditions. 

Klinman et al [1007] in more recent investigations also used the pulse-echo 
method with highly dampled I-MHz probes and wide-band amplifiers, which pro
vides additional information for tire evaluation from the distortion of the back-wall 
echo due to dispersion. 

32.4 Rock, Abrasive Wheels and Carbon 

As far as natural rock is concerned only magmatic material, such as basalt, can be 
regarded as homogeneous and uniform throughout. In other types of rock both the 
acoustic velocity and the attenuation vary greatly. According to Malecki [819] gran
ite, for instance, depending on its grain structure, can reach values from 1. 7 to 
5.0 km/s (see same source for values of many other rocks). Moreover laboratory 
tests on samples give values which differ appreciably from those obtained "in situ" 
in underground strata, because of the pressure effect. However, measurements of 
this pressure on the basis of the acoustic velocity also provide unreliable values be
cause the relationships change from site to site. 

In general the attenuation (except in hpmogeneous materials like rock salt) is 
so high that only frequencies below 500 kHz can be considered for ultrasonic tests. 
In the case of layers of sand, clay and even coal, the frequencies have to be reduced 
to those of audible sound in order to reach transmission distances of 1 m. An added 
difficulty arises from that fact that rocks usually contain numerous small cracks 
and inclusions which greatly reduce the transmittance [818, 819, 1574]. 

Because of the poor focussing obtained with low frequencies, flaw location by 
the echo method is usually impossible. On the other hand, on blocks with parallel 
surfaces, large cracks and· inclusions can be detected using separate probes for 
through-transmission techniques. 

Lutsch [954) has used the pulse-echo method at 0.5 MHz for detecting fracture zones in 
dense underground rock and thus indirectly indicating the strength of the solid rock (quartzite 
and reef formation). A special probe attached to a rod is inserted into a smooth drill hole and 
oil is used as couplant. It is possible in this way to inspect a volume of a few metres in diame
ter around the hole. At depths of 1 to 2 m numerous echoes are obtained caused by cracks, but 
at greater depths the screen picture becomes quite clear. A drill hole of 40 mm in diameter or
ientated parallel to the test hole and located at a distance of 1 m is still indicated very clearly 
by its echo. In quartzite acoustic velocities around 6 km/s and attenuation values around 
100 dB/m were obtained at 1 MHz. 

Wenzel [1604) has used a pure transit-time method for the same purpose and has in this 
way measured the acoustic velocity between two drill holes using two separate probes. The 
zone of reduced pressure near the surface gives lower velocity values and smaller transmitted 
amplitudes. Assuming a value for Poisson's ratio, Young's moduli were determined which 



32.4 Rock, Abrasive Wheels and Carbon 521 

showed good agreement with the results obtained by other methods and which were of great 
practical interest for the lining of tunnels. In this case the drill holes pointed obliquely 
downward and were filled with water to ensure satisfactory and uniform coupling. The tests 
were made with Steinkamp's concrete tester [1458] at a frequency of 30 kHz. In Rofna gneiss 
and marble the acoustic velocities were about 4700 and 6500 mis, respectively. 

Tests in natural rock have found practical applications only to a very limited ex
tent. On the other hand, measurements of acoustic velocities and attenuations on 
drilled core samples are used successfully for the purpose of determining elastic 
constants and other properties of the material for basic research. Core samples of 20 
to 40 mm in diameter and from 50 to 100 mm long can be tested at frequencies be
tween 1 and 4 MHz with longitudinal waves, and at 1 MHz with transverse waves, 
by the through-transmission method. In exceptional cases these measurements can 
also be carried out successfully at 1 and 2 MHz by the pulse-echo method [1180]. 

Among artificial rock material the ultrasonic test so far has mainly been applied 
to refractory bricks used for the lining of furnaces and kilns. The problem is the de
tection of cracks, extrusion defects and cavities, and the determination of techno
logical properties, such as porosity and cold compressive strength. At moderate por
osity levels these materials are sufficiently permeable to sound at frequencies 
between 50 and 500 kHz. Due to the rough surfaces, grease or paste is used for the 
coupling and the probes are preferably fitted with protective shoes made of rubber 
due to their superior adaption to the irregularities of the surface. In moderately po
rous material the acoustic velocity can also serve to estimate this porosity. For in
stance, in a given material the velocity changes from 3900 to 3400 mls if the poros
ity increases from 20 % to 30 %. 

In porous rocks such measurements are possible only by through transmission, 
whereas densely calcined bricks and ceramic tiles can be tested at 1 and 2 MHz, 
and even at 4 MHz by the pulse-echo method. 

Regarding the testing of refractory rocks, fired bricks, glazed oven tiles and floor 
tiles, see [518,1431,1207,301,569,1681 and 27 (Sections K21 and K22)]. 

Abrasive wheels bonded with silicate transmit sound in the same way as sand
stone and can be tested by an immersion technique by means of a sharply colli
mated beam of 1 MHz. Using the through-transmission method, defects such as 
cracks or unsatisfactory bonding, which reduce the transmission, can be detected. 
With the pulse method it is also possible to draw conclusions on the quality of the 
bonding from the acoustic velocity. Abrasive wheels on a rubber base have low 
transmission, but by using 0.2 MHz, it has been possible to carry out rough tests on 
specimens up to 15 cm thick. 

Pressed carbon and graphite blocks (electrode and reactor material) show very 
different transmittance. Where it was at all possible to test electrode blocks (with 
frequencies below 1 MHz), the acoustic velocities, measured normal and parallel to 
the main orientation of the slabs, differed greatly, viz. 1100 to 2300 mls and 3200 
to 3900 mis, respectively. Furthermore, the transmittance changed greatly from 
place to place even in the absence of gross defects, so that flaw detection was not al
ways possible. In another case graphite blocks could readily be tested by sound 
transmission in an immersion technique, using 0.5 to I MHz [1357, 591,345, 1091, 
262]. 
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32.5 Concrete 

Checks for defects and strength are of great interest both in large concrete struc
tures fabricated on site as well as for mass-produced prefabricated units. The intrin
sic inhomogeneity limits the frequencies which can be used for this purpose to 
100 kHz and less where testing distances exceed 1 m. These frequencies, however, 
no longer permit sharply collimated sound beams as is customary in the testing of 
metals. To obtain a collimated beam as with 25-rom 2-MHz probes in steel (angle 
of divergence Yo approximately 8°), a transducer used for concrete would have to 
have a diameter of approximately 350 rom at 100 kHz. In practice probes which are 
not much larger than the customary ones are usually used and thick oil, grease, 
coupling paste containing water, glycerine-kaolin slurries, soft soap and similar 
substances are used for coupling. Occasionally the probes are also semi-perma
nently attached by means of plaster where observations over a long period are re
quired. There are also probes for dry coupling. 

The probe contact face, which is only of the order of magnitude of the wave
length (at 100 kHz, A "" 40 rom), naturally also radiates with appreciable intensity 
wave modes other than longitudinal waves. A strong Rayleigh wave can always be 
assumed, which results in so many disturbing echoes of uncontrollable direction 
that the echo method can rarely be used. As a rule therefore two probes are used 
with pulse transmission. The lack of any directionality of the probes makes it possi
ble to couple at arbitrary points on different surfaces of the specimen even those in
clined to each other (Fig. 32.4a). The first wave received in this way is then always 
the direct longitudinal wave. This is followed by the transverse and Rayleigh waves 
which, depending on the shape of the specimen, may already be disturbed by the 
reflected longitudinal waves. If both probes are placed on the same surface of a 
given concrete structure, for example on a road paving slab (Fig. 32.4 b) the direct 
longitudinal wave is rather weak (cf. point-source directivity Fig. 4.23). 

Fig. 32.4. Testing concrete by pulsed sound 
transmission. a With contact on two adja
cent sides of a pillar, showing schematic 
screen pictures and the first pulses received 
of various wave types; b with contact on the 
surface of a road slab 
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For the important problem of pavement-thickness measurements a TR-probe ar
rangement has been reported, consisting of a mosaic of 14 barium-titanate trans
mitters of 200 kHz, arranged like spokes or slices of pie around a central receiver 
made of lithium sulphate with a resonant frequency of 5 MHz. By this arrangement 
the surface cross talk which limits the measurement of small concrete thickness can 
be greatly reduced [974]. 

The main application of interest for ultrasonic testing in concrete is for the eval
uation of the concrete quality, via its compressive strength. This is linked with the 
Young's modulus, but not exclusively. However, for a first approximation the qual
ity can be judged from the velocity as shown in the following table: 

Longitudinal velocity 
x 103 m/s 

Above 4.6 
3.6 to 4.6 
3.0 to 3.6 
2.1 to 3.0 
Below 2.1 

Quality of concrete 

Very good 
Good 
Moderate to questionable 
Bad 
Very bad 

As long as all other factors of influence are constant, including the type, 
amount and coarseness of the aggregate, ratio of water to cement, age, humidity 
content and steel reinforcement, comparisons between different specimen are pos
sible. 

Figure 32.5 shows the influence of the water/cement ratio on the velocity for 
five different mixes of cement, sand and gravel. The specimens had a setting age of 
28 days and were saturated with moisture. The compressive strength varies accord
ing to the amount of water added when mixing, along one of the calibration lines 
[736]. 

Because sometimes wrong decisions have been made which were based exclu
sively on the measured velocity, the method has been considered as unreliable. 
However, in combination with other physical measurements made on the material, 
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Fig. 32.5. Correlation between longit
udinal velocity and compressive 
strength in concrete specimens with 
several mixing ratios (cement/sandi 
gravel) and variable water-cement ratio, 
as measured by Jones and Gatfield. 
(1 kp/cm2 = 1 kgf· cm2 "" 10 N/mm2) 
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such as the hardness measured by the rebound of the Schmidt-hammer on the sur
face of the specimen, reliable values of the strength can be obtained. 

Teodoru [S 168 and S 169] (with many other references)] has combined the ul
trasonic velocity and attenuation with the rebound figures of the Schmidt-hammer. 
By a complex computer program all factors of influence are correlated even for the 
case of hydrothermal treatment, which is important for the prefabrication of con
crete components. 

According to Bungey [197] concrete testing with ultrasound can be of interest in 
the following cases: 

testing of the uniformity of pieces of nominally equal mix to detect demixing, 
shrinkage cavities, cracks; 
to measure the compressive strength under equal loading conditions, on condi
tion that other measuring methods have been taken into account in a series of 
measurements, as for example surface hardness, or density; 
checking the maturing process; 
detection of damage occurring by fire or by micro-cracks introduced by stress
ing. 
Bungey has also measured the influence of the reinforcement on the velocity. In 

the longitudinal direction steel reinforcement bars less than 5 mm thick are of no 
influence and up to 20 mm in the transverse direction, Correction values for heav
ier reinforcement have been indicated. 

Instruments for concrete testing usually have no CR tube and are restricted to 
measuring transit times, which in some cases is done digitally and with high preci
sion [302, 445, 736, 919, 1458, 1205]. 

Older papers on the testing of concrete are [383, 519, 1306, 833, 1491 and 27 
(Sections K 112, 121 and 131)]. See further [327, 664, 197, 123, 1201, 743, 1576, 
1390, 1021, 1325, 502, 1256, 1532]. 

32.6 Wood and Leather 

One of the earliest applications of ultrasonic testing was the bonding test on ply
wood by Czerlinsky [284] but instead of swept ultrasonic frequencies pulsed-sound 
through transmission is used today. A non-existent or faulty glued bond in plywood 
is easily revealed by its lower transmittance but since couplants containing oil or 
water are usually undesirable, a slowly evaporating liquid has to be used instead. 
Automation Industries in the USA use wheel probes [1701] for the continuous test
ing of plywood by the transmission method, and these require no liquid coupling 
between the wheels and plywood. 

Another problem is the detection of core rot, both in live trees and in wooden 
poles (dry rot, for example in telephone poles). In wooden poles such central rotting 
is readily detectable. 

The probes are fitted with protective plastic shoes coupled by grease and suit
able hinged tongs are used for applying the probes to the poles at the required coup
ling pressure of about 10 kg so that no coupling liquid is required. 
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Fig. 32.6. Longitudinal acoustic velocities in a cube of beechwood 

As reported by Waid and Woodman [1584], the same method can be applied to 
living trees and sound transmission in living wood is better than in wooden poles. 
On the other hand the bark is so impermeable that it has to be removed from two 
opposing areas which should also be as flat as possible. 

For through transmission a frequency of 250 to 500 kHz is required and on 
sound beechwood satisfactory transmission was obtained even up to 1.2 m diame
ter. 

Due to the pronounced anisotropy caused by fibre orientation it is difficult to 
use the measurement of the sound-velocity for general quality tests of timber. For 
instance the acoustic velocity values shown in Fig. 32.6 were measured on a dry 
beechwood block. At the same time the attenuation at 500 kHz was found to be 
about 400 dB/m which, compared with metals, is very high. 

Quality tests by means of ultrasonics have also been made on other organic ma
terials such as leather [747] but these have so far found no important practical ap
plication. Here again the sound velocity is the measured quantity, which depends 
on the physical structure and fibre orientation. For literature see [203, 204, 205, 
97~ 745, 820, 190, 1493, 351, 1143, 117~ 100~ 159~. 

32.7 Bacon and Meat 

As far as these edible "materials" are concerned, the measurement of fat and lean 
meat thicknesses on live animals, especially pigs and cattle, has found fairly wide 
practical application. The method is used by animal-breeding institutions since it 
greatly facilitates the assessment of the market value of the livestock. 

The animals readily tolerate the application of the ultrasonic probe, in contrast 
to the previously practised insertion of needles into pigs in order to determine the 
thicknesses of the bacon layers. For this purpose the animal is preferably driven 
into a narrow gate or cage, so as to obtain a steady display on the CR screen while 
the animal is still. Frequencies around 2 MHz give a good compromise between 
sound transmittance and definition of the echoes. If probes of approximately 
10 mm in diameter are used it is not absolutely necessary to remove the bristles on 
the pig and oil, grease or water-soluble paste can be used for coupling (Fig. 32.7). 

The reflection at the transition layer separating fat and lean meat results from a 
slight difference in acoustic impedance. In addition some intermediate echoes are 
obtained from membranes between the layers (Fig. 32.8). 
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Fig. 32.7. Measuring the thickness 
of fat on a pig 
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Fig. 32.8. Measuring the thickness of fat and meat, schematic, with cross-section through the 
animal. 1 Surface of the animal, 2 and 3 membranes, 4 back muscle, upper side, 5 back mus
cle, lower side 

According to Horst [690] the acoustic velocity in bacon of freshly killed pigs 
(still warm) is 1430 to 1510 m/s. As the temperature falls the sound attenuation 
rises steeply which can usually be compensated by using higher gain. In the case of 
pork, in the long dorsal muscles (cutlets), the velocity is 1650 mis, and in the case 
of beef from the hind quarters about 2040 mis, according to data supplied by Burg
kart [202]. 

When the instrument is being calibrated, one should observe that in addition to 
the effect of the temperature, the thickness of the bacon on the hung carcase de
creases because of stretching. According to Lauprecht [895] the accuracy usually 
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Fig. 32.9. Diagram of the scanning method of the 
back of a pig by means of the Vidoson according to 
Horst. 1 bone, 2 lean meat muscle, 3 fat layers with 
membranes, 4 ultrasonic transducer, 5 parabolic mir
ror, 6 CR screen 

obtained was 1 to 2 nun on thicknesses of about 40 mm, which is quite adequate. 
Regarding further data on measurements on pigs see [156, 1271, 523]. 

After measurements of the thickness of the outer layers had given satisfaction 
until 1959, the possibility of measuring the thickness of the lean meat offered a new 
way of determining carcase values which were based on the ratio of the cross-sec
tional area of the dorsal muscle in the back bacon to the overlaying fat (Fig. 32.8). 
By spot-sampling by hand, and by plotting and integrating the areas concerned, it 
was possible to determine a quality value, although in practice this was too time 
consuming. More recently a commercial video instrument developed for human 
medicine, the Vidoson of Siemens, has been tried out for this purpose [691]. Fi
gure 32.9 shows the scanning principle in which the sound beam from a rotating 
transducer is directed by a parabolic mirror from a water-filled chamber placed on 
the back of the pig. 

Further applications of ultrasonics in animal husbandry include measurements 
of the breast muscles in chickens and the measurement of fat and meat in sheep 
and other pedigree lifestock. In humans the measurement of the subcutaneous 
layer of fat in young people is used for nutritional research [195]. 

Concerning suitable instruments for these applications see [212, 1743]. 



33 Ultrasonic Testing by Determination 
of Material Properties 

This Chapter deals with the measurement of material properties and of elastic con
stants, as far as they are of interest for materials testing in general and where they 
can be carried out by using commercial testing instruments. This excludes there
fore many purely scientific problems and measuring methods or permits only their 
brief mention. For further and more detailed studies the textbook of Tietz [41] is 
strongly recommended. 

33.1 Measurement of Wall and Layer Thicknesses 

The determination of a given wall thickness, or of an acoustic velocity, is based on 
the measurement of a transit time t. If the velocity is known, this then provides the 
thickness, or if the thickness is known the velocity can be calculated. 

d = ct or c = d/t. 

These methods, as well as the instruments, are described in Chapters 10 and 11. 
The measuring problems encountered in practice can be divided into two groups. 

1. In the manufacture of pipes, vessels, plate and strip, continuous measure
ments, or programmed selective measurements, of the wall thickness are desirable. 
At the measuring points of these workpieces the walls are usually parallel and the 
boundary faces smooth. 

The demands in respect of accuracy are high, about 1 %, or, in absolute values, 
10 J.lm at wall thickness up to 1 mm, or about 0.1 mm at wall thickness up to 10 mm 
and over. Local variations in thickness are small so that the exact position of the 
measuring point is non-critical. 

2. In plant maintenance as in power stations, or the chemical industry, the prob
lem is different and consists of checking the thickness of the residual wall on in
stalled pipes, tanks, bends, and vessels, which are exposed to high temperatures and 
pressures, and to corrosive chemicals. The main problem is the detection of local 
areas of general or pitted corrosion, and the measurement of the residual wall thick
ness at the critical points. This is usually at points where no multiple echoes can be 
obtained from a wall defined by parallel faces. 

The first group of problems is the domain of wall-thickness meters of high fre
quency and high resolution. If perfect back-wall echoes are available, a high preci
sion of measurement can be achieved. 
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However, this condition is the reason for the fact that such instruments do not 
work satisfactorily on corroded areas which is the task in the second group. Instru
ment manufacturers often claim a very wide useful range for their instruments, clai
ming to be able to measure deeply corroded walls with instruments of the first kind. 
Because there are no general standards for corrosion such a claim cannot be chal
lenged easily. Anyhow these instruments do not operate well on real pitted corro
sion, because in this case the received echoes are very much reduced, compared to 
a plane back wall. 

This is therefore the domain of the second group of instruments, which work 
with TR probes. One can distinguish one type from the other by reference to the 
probe, but not by the display. This can be either an analogue or a digital indication 
(see Section 11.1.3). They use the conventional frequencies of ultrasonic testing, 
but have more power to obtain echoes from even small corrosion pits. Nevertheless 
to be able to measure thicknesses of 1 to 2 mm, the TR principle is absolutely ne
cessary. The second group of instruments are also better able to measure at elevated 
temperature, this being also better performed with TR probes of special design. The 
contact delay lines are then made from quartz glass which are able to withstand 
temperatures up to 900°C for a short time. It is even possible with these probes to 
work without intermediate cooling, if the probe is applied only for a fraction of a 
second. The contact surface in this case must be quite smooth to allow quick wet
ting by a high-temperature coupling medium (Section 15.3). Preferably a device to 
allow mechanical contact should be used, as in Fig. 33.1. 

More difficult wall-thickness measurements occur if the outside of a pipe is not 
accessible and measurements must be made from the inside. Special probe designs 
as in Fig. 33.2 can be introduced into the liquid-filled tube, the beam being fo
cussed onto the corroded surface. For small pipe diameters the probe can be 
mounted axially, the beam being deflected into a radial direction by a 45° mirror 
which is rotating. 

The most difficult problem is the detection of a generally corroded area in a ves
sel with otherwise smooth surfaces and further measuring the residual wall-thick
ness within this area. For the first part of this task zigzag or plate wave methods are 

Fig. 33.1. Probe holder for short-duration 
measurement on hot pipes (Krautkriimer) 
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Fig. 33.2. Testing tubes for corrosion 
from inside 

useful to check a whole strip or circumference of considerable length from one po
sition. As described in Chapter 26 a circular transmission method can be used on 
tubes, for example with a tube-testing probe, or in flat plates a through transmission 
between two facing angle probes. Such a method is reported in [343] for use on oil 
pipelines embedded into the desert sand, where corrosion mainly occurs on the 
lower inside surface (Fig. 33.3). Occasionally the strong attenution of the circular 
transit echo is alone sufficient to pinpoint a corroded spot and this should also 
make it possible to roughly estimate the position and depth of the corroded area. 

Once the generally corroded area has been located the remaining problem is the 
location and measurement of the minimum residual wall thickness possibly over an 
area of a few hundred square centimetres. It is practically impossible to cover such 
an area completely by manual testing and statistically distributed measuring points 
are usually selected. It is obvious that only a very conscientious inspector can be 
entrusted with the selection since one is tempted to omit spots on which a value 
can be read only by very careful probe manipulation. However, precisely such 
points may be the critical ones. The best solution would be automatic scanning 
over a limited surface area. So far no practical solution has been found in view of 
the elaborate mechanics involved and the difficulty of obtaining uniform coupling. 

Fig. 33.3. Inspection of partially exposed pipelines for 
corrosion (according to Dubresson, Institut de Soudure, 
Paris) 
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Fig.33.4. Measurement of the wall thickness 
and the geometry of tubes with temperature 
compensation of the velocity of sound in water 

On precision tubing (cf. Chapter 26) it is desirable to combine the testing for 
flaws with a measurement of the wall thickness and the intemal and external di
ameters. As indicated in Fig.33.4 this problem is solved by measuring the wall 
thicknesses at two opposite points by the immersion method. Then the distance of 
both probes from the surface is measured and subtracted from the known spacing of 
the probes. This provides the external diameter and if now both wall thicknesses are 
subtracted from the outer diameter, this provides the inner diameter. Each wall
thickness value may be different which in addition provides the eccentricity. These 
measuring and combination operations are preferably carried out by a computer 
with digital readout. 

In the case of spiral scanning the measuring points on the tube are spaced very 
closely, which makes it necessary to select the values for practical processing by us
ing only readings which exceed the tolerance value. Such an auxiliary device, 
which supplements the flaw testing, is provided by an equipment of the Danish At
omic Energy Commission, Ris0 [584, 585J. There is a problem of the measurement 
of the acoustic velocity in water whose temperature dependence (see page 534) 
must be compensated by using auxiliary reflectors in the beam, such as wires. The 
distances measured in water are calculated using the velocity figures arising from 
the variable transit times of the auxiliary echoes. 

A dry and contactless measurement of wall thickness is possible in principle us
ing electromagnetic probes (EMAT) (Section 8.4). According to [371J variations of 
several millimetres in the air gap between probe and surface are tolerable, because 
fluctuations of echo amplitudes up to 20 dB can be compensated. Ito and collabora
tors [710J make use of EMATs on tubes up to 120 mm in diameter at temperatures 
up to 900°C in the production line and Boettger has reported success up to 1200°C 
[S 17]. 

For copper and its alloys there is a risk of wall thickness measurement errors if 
the specimen, as a result of anisotropy and texture has an acoustic velocity normal 
to the wall different from that of the specimen used for calibration. 

Water or other liquids in contact with the backwall (e.g. on filled pipelines and 
containers and on ships below the water line) do not usually disturb the thickness 
measurements. Only in the case of lead-covered cables, where the thickness of the 
lead sheath has to be determined, does it make much difference whether the inside 
is dry or filled with oil. Because of the curvature of the surface and the attenuation 
in the lead, the echoes are in any case rather weak. 
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Deposits on the inside of pipes and containers have usually a much lower acous
tic impedance than the wall itself so that the ultrasonic wave is almost totally re
flected at the boundary between wall and deposit and only the genuine wall thick
ness is measured. However, there are important exceptions, since in oil refineries it 
has been observed that a layer of iron sulphide forms in furnace tubes if crude oil 
containing sulphur is used. This layer adheres strongly and apparently has a suffi
ciently high acoustic impedance to simulate a considerably greater wall thickness. 
This disturbance has been observed on tubes of 14 % Cr, 1 % Si - steel but is su
spected of occurring on other steels too. Where this seems possible, for example if 
the measured values have increased from one test to the next, an attempt can be 
made to spall off the layer at a few spots by strong hammer blows in order to be able 
to check the true wall thickness at such spots. Naturally, this disturbance applies to 
both the resonance and pulse-echo methods. 

A problem of particular importance and wide application is presented by plate
thickness measurements on ships hulls. The former trepanning method which requires 
dry-docking of the ship and subsequent sealing of the holes by welding, is obviated 
by ultrasonic tests for which the ship can remain in the water. Particularly in oil 
tankers, the bulkheads and hull plates corrode rapidly because the empty tanks are 
filled with sea water. Tankers have already been successfully checked by using both 
resonance [422, 423] and pulse-echo instruments, although the testing conditions of 
the surfaces are not easy. Grinding or chipping of the measuring points is usually 
necessary. 

Measurements of layer thicknesses with ultrasonics are only possible if the acous
tic impedance of the layer differs markedly from that of the base and also if the 
layer is not too thin. The usual layer thickness of chromium or nickel on steel thus 
violates both these requirements. With pulse-echo instruments using the shock
wave method which gives maximum subsurface resolution, layers above about 
0,1 mm of acoustically softer material on steel, for example, copper, plastic or 
paint, can be measured by the direct echo method. Thicker layers of rubber on 
steel, for example, thicker coatings of metals with markedly different acoustic im
pedances, and the white iron shell on chill castings (see Section 31.3) can be mea
sured with standard pulse echo instruments with a CR tube which are much more 
suitable for the purpose than digital wall-thickness meters. 

A difficult problem arises when measuring the wall thickness in continuous cast
ing. The ingot, when cooling and leaving the mould must have a sufficiently thick 
solid shell surrounding the liquid core to prevent wall collapse. Kurz and Lux [876] 
have used normal probes with a water gap and a strong flow of water. However, 
since the reflectivity of the interface solid-liquid is unfavorable due to only a small 
difference in acoustic impedance, Lynnworth [960, 962] has used transverse waves, 
cf. [989]. For coupling, dry pressure contact is usually sufficient and this allows a 
very brief contact by shooting the probe including a delay line at the specimen. Alt
ernatively a water-cooled roller can be used with several transverse-wave transdu
cers firmly cemented to its internal surface. 

For measuring the case thickness of surface-hardened workpieces the conditions 
are much more favorable for conventional case hardening than for flame or induc
tion hardening because the former produces a greater change in the composition of 
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the steel and in its ultrasonic properties. With frequencies of the order of 40 MHz 
and very short pulses, the measurement has been successful, even for case thick
nesses of less than 1 mm (Eli on [379]). Thus, the boundary of the case is indicated 
by scatter which however, with the gradual transition desired in practice does not 
occur abruptly enough to permit a definite measurement. 

While therefore beaming normal to the surface only rarely provides practical re
sults, propagation along the surface still offers promising possibilities. If the trans
verse velocity in the layer is lower than in the base, the layer thickness will change 
the propagation velocity of Rayleigh waves and Love waves (Hausler [592]). Investi
gations are still in progress with a view to determining the extent to which measure
ments with pulse instruments are feasible in spite of the dispersion of the phase ve
locity. Unfortuantely, Love waves can be excited only via a solid, or at least a highly 
viscous, couplant. 

Finally, transit-time measurements by the pulse-echo method are used for de
termining the length of bolts, their change when stressed, and thus the strain in the 
bolt. The mechanical method used so far has relied on a torque measurement with a 
torque spanner which is not very accurate because of unknown frictional restraints. 
The transit time of the bottom echo is therefore measured from the accessible end 
of the bolt, both before and during tightening. The transit time does not change ex
clusively as a result of the true change in length, but also because of a dependence 
of the acoustic velocity on the stress (cf. Section 33.2). The calculation cannot be 
based on the normal acoustic velocity therefore and it is preferable to make allow
ance for both effects by using an empirical calibration curve for the material con
cerned [526]. Special instruments for this purpose are available from several com
panies for example Panametrics, VWR Scientific, and Raymond. With the latter 
equipment the influence of temperature can be compensated by an external sensor. 
As an indication of the size of the effect it can be stated that in a bolt of 24 mm in 
diameter and 180 mm long, for a stress of 20 t the transit time is increased by about 
1 ~s. 

A more advanced method of measuring stresses in bolts is reported in [1447]. 
Instead of measuring the length in both the unstressed and stressed conditions it is 
instead measured in the stressed conditions using both longitudinal and transverse 
waves, the ratio of the transit times being correlated with the stress. 

For information on hot surface see [1305]; for in-service wall-thickness mea
surements on vessels filled with liquid zinc for galvanizing see [633]; for measuring 
tube walls from inside [866]; on heavily corroded tubes [1667] and on plastic tubing 
[247, S 57]. 

33.2 Measurement of Sound Velocity and Stress 

Since in materials testing our principal interest is in sound velocities in solids, at
tention is here drawn to the book by Bergmann [2] concerning methods for measur
ing this quantity in liquids. 
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From the acoustic longitudinal- and transverse-wave velocities, Eqs. (1.6) and 
(1.7) give the elastic constants of solid materials [41]: 

Poisson's ratio 

1. _ (.5..)2 
2 Cl 

P. = (Ct)2 ' 
1- -

Cl 

The shear modulus (in N/m2) 

Young's modulus 
E= 2G(1 + p.) 

_ 2(! (::r) 
or E - 4{!ct 1 - ( :: r . 

(33.1) 

(33.2) 

(33.3) 

These basic relationships, and others mentioned below, indicate that the mea
surement of velocities of sound has great practical importance and various methods 
for their determination will be summarized here for convenience. 

Using a resonance or pulse-echo instrument calibrated for a defmite velocity of 
sound C (for example in steel) one readily determines an unknown velocity of 
sound Cx by measuring the steel equivalent thickness d. of the specimen. The true 
thickness d having been determined by mechanical measurement, we then have: 

The measurement accuracy is determined by the calibration accuracy of the in
strument and in gene(al this will not be better than about 1 %. 

With the use of interferometers (cf. Section 11.1.1) in conjunction with pulse
echo instruments one aims at accuracies of approximately 0.1 %. In the above for
mula the apparent thickness d. is then replaced by the length of the reference delay 
line which can be measured with a micrometer, and C by the accurately known ve
locity of sound of the delay line. In the case of water we have C = 1483 mls at 20°C. 
The velocity value increases in the range between lOoC and 30°C by 3.0 mls per de
gree. 

In order to measure the transverse velocity a transverse-wave normal (OJ probe 
is used on a solid test piece. These probes use a Y-cut quartz or other piezo-electric 
transducer polarized for shear waves. Of course with a liquid delay line a longitudi
nal-wave probe must be used. 

A rather convenient method for determining the acoustic velocity in solid sam
ples using a pulse-echo instrument is as follows. First the thickness of the sample 
with the unknown velocity of sound Cx is measured mechanically and a series of 
back-wall echoes produced at the same point. The pulse-echo instrument is then 
adjusted using the controls for velocity of sound and zero shift, so that the ba~k-
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Fig. 33.S. Velocity of sound measurements on spheroidal grey-iron castings for the automo
bile industry. I immersion technique arrangement, II echo pattern, schematic. 1 measure
ment without test piece; 2 measurement with test piece inserted 

wall echoes for the known thickness of the test piece appear at the "correct" points 
of the screen calibration scale. Following this adjustment the probe is now placed 
on a 20-lls transit-time standard. The back-wall echo of this standard will now ap
pear at the point on the adjusted screen which corresponds to the unknown value of 
the velocity of sound. Since the screen adjustment has been made in respect of the 
unknown velocity of sound the sound pulse travels in 20 IlS (corresponding to a 
single thickness travel of 10 Ils) as many millimetres as correspond to 11100 of the 
velocity of sound in m/s. Thus, the indicated thickness value in millimetres multi
pled by 100 gives the unknown velocity of sound in m/s. 

A specially adapted velocity of sound meter can be used for the production 
monitoring of parts whose thickness remains constant. This thickness is first mea
sured mechanically and the instrument adjusted appropriately, but if the thickness 
changes too often it makes the measurement of velocity too time consuming. On an 
instrument of Branson (Fig. 33.5) all these manipulations are automated [371]. 

Transmitter and receiver probes are arranged facing each other in water at a 
fixed distance Qo. First the transit time of the water delay line is measured, 
to = Qolcw , and then with the test piece inserted, the time t1 and the time At for the 
two-way travel in the test piece. On the basis of these data and the known velocity 
of sound in water Cw the computer determines the unknown velocity of sound: 

and the thickness and corresponding transit time of the test piece. 
Bradfield has used the critical-angle method by a goniometer arrangement as in 

Fig. 33.6 for determining the velocity of sound in a flat smooth sample. The pro
nounced amplitude changes at the critical angles (see Diagram 2 in the Appendix) 
permit the reading of angles to within 0.10 and thus accuracies of the velocity of 
sound 0.1 %. In particular, Bradfield has measured the surface-wave velocity by this 
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Fig. 33.6. Velocity measurement of Rayleigh waves with the goniometer according to Brad
field. a Probe; b test piece; c reflector 

arrangement, which can provide information on the technological condition of the 
surface [171, 1608, 699]. 

For practical applications of velocity of sound measurements in the testing of 
materials the accuracy of the described methods is adequate for determining the 
mixing ratio in composites: porosity in porcelain (Section 32.1); moisture content 
in plastics (Section 32.2); the structure of metals, preferred grain orientation, struc
ture of grey cast iron, and its tensile strength (Section 31.3 and [S 91]). 

For a method of measuring the elastic constants of powder metallurgical com
posites see [S 132] and of ceramics and fibre composites see [S 60 and S 76]. 

There are a number of other problems for which in general a higher measuring 
accuracy is required, and these include the measurement of internal and external 
stresses, the flow velocities of liquids, and the temperatures of liquids and gases. 

When stresses, either internal or external, exist in or are applied to an otherwise 
isotropic material it becomes double refracting. This means that the velocity of a 
transverse wave normal to the direction of the stress differs, depending on whether 
its direction of oscillation is parallel or normal to the stress direction. This is shown 
schematically in Fig. 33.7 for a body subjected to an external stress (pressure or ten
sion). 

If the direction of polarization is not known it has first to be found as in Sec
tion 16.4. 

The differences in velocity and hence of transit times are very small so that it is 
preferable not to use commercial probes but to cement suitable crystals firmly to 
the test piece. The echo sequences of each transverse-wave transducer are fed into 
an amplifier and the interference due to the different transit times can be observed 
on a CR screen. The first back echo may not show sufficient interference to permit 
observation but after several transits, the phase difference can increase to half a 
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Fig. 33.7. Measurement of changes in velocity of 
sound caused by mechanical stress 

wavelength, thus causing the cancellation of an echo and consequently the echo se
quence shows beats. It is also possible to connect in the lead of one of the two 
transducers an electric phase control [380, 378, 659, 1287, 1288, 1437, 1160, 243J. 
Crecraft [245J has used the sing-around method instead of wave interference and by 
using a pressure-coupled transducer assembly was able to make tests at the same 
point of the specimen by rotating the assembly between measurements. 

Instead of using two Y -cut quartz crystals, it is simpler to use only one whose direction of 
oscillation makes an angle of 45° with the direction of stress. The transmitted wave can then 
be separated into two components parallel and normal to it, which are propagated at different 
velocities. As in optics (cf. Pohl [28]), the resultant oscillations are generally in an elliptical or 
circular path, or in special cases a linear oscillation normal or parallel to the original, depend
ing on the phase shift. If received by the same oscillator the elliptically or circularly polarized 
waves produce an electrical signal whose amplitude decreases to zero with increasing phase 
shift, then rises again, and so forth. The result as shown on a CR screen is then exactly the 
same as in the case of two separate oscillators, that is a sequence of echoes with minima and 
maxima. In order to obtain distinct and numerous extreme values, the pulse used should con
tain a reasonably large number of oscillations of equal amplitude. However, in order to keep 
the pulses short higher frequencies are used. The sensitivity increases with the frequency used 
and the length of the delay line. 

According to Elion [378, 380], two V-cut quartz plates can also be cemented together as a 
sandwich, the outer one then transmitting or receiving its wave through the other. Although 
this requires only one measuring point, the two crystals can be separately pulsed, and the 
phase shift can be measured after compensation by electrical delay lines before the amplifier. 
With such probes it is also possible to generate arbitrary, elliptically or circularly polarized 
waves. 

A changing double refraction in a specimen subjected to varying loads, can be followed by 
the amplitude of a given echo which follows a cosine function of the phase angle and this is 
simpler than using the minima of the echo sequence for this purpose. Provided the double re
fraction is sufficiently marked, one can use the first echo for this purpose or, in the case of 
pulse transmission, a pulse which has travelled trough the measuring distance once only. 

During this test it may happen that at the beginning of the application of the load, the 
height of the echo does not decrease immediately, but at first still increases; this can be the 
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result of preferentially orientated residual stresses, which thus could also be measured in this 
way. 

Using a Y-cut quartz of 45°, Firestone [456] already was able to determine the texture in 
thin plate by the pulse resonance method (see Section 11.3.1): When tuning the pulse fre
quency to resonance (maximum width of transmitting pulse) beats appear in its decay oscilla
tions. 

Since this method is the acoustic counterpart to the photo-elastic method used 
for investigating specimens in the form of transparent models, the term acousto-elas
ticity, in contrast to photo-elasticity, has been coined for it. 

Figure 380 shows measuring results obtained by Elion [380] during tensile tests 
on aluminium of 100 x 100 mm2 cross-section. Crecraft [265] however, was unable 
to confirm this in spite of very careful measurements. No velocity maximum of the 
polarized wave could be detected and the pattern of the other two is exactly oppo
site: the parallel-polarized wave decreases and the longitudinal-polarized wave in
creases in velocity. In the case of nickel, however, the pattern is again reversed. 
This shows how difficult this problem is. 

A further difficulty in the stress analysis arises from the texture of the speci
men. However, it has been shown that the separate influences of stress and texture 
can be distinguished by simultaneous measurement of the changes in both velocity 
and attenuation. [1366, S 74]. 

The theoretical fundamentals of the determination of the elastic constants in 
anisotropic and textured materials have been treated by L. Niklas in Chapter S. 11 
of [37]. 

For experimental determination of the elastic constants from measurements of 
the velocities see [126, 920, 958, 961, 1168, 1630, 1683, 964, 623, S 85, S 94, S 190], 
concerning the method and instruments [913, 1136, 181, 355, 775, 211 (also for at
tenuation measurements)] for measurements of stress [731, 13, 1366, 662, 786, 248, 
495, 51, 82, 1365, S 23, S 137, S 197, S 128, S 15, S 74]. 
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Fig. 33.8. Variations in per cent of the velocity of sound in aluminium subjected to compres
sive stresses according to Elion 
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For the investigation of the surface condition after heat- or chemical influence 
and also for stress and texture measurements the Rayleigh-wave velocity is used in 
[168] and for similar purposes (hardness and texture) the Love-wave velocity in 
[667]. 

33.3 Measurement of the Attenuation, the Scattering of Sound 
and the Microstructure 

To make an absolute measurement of attenuation is very difficult because the echo 
amplitude depends not only on the attenuation but also on a number of other influ
encing factors. Relative measurements are easier to make, such as the change of at
tenuation during a given test, and also simple qualitative tests. For this purpose the 
shape of the specimen, the probe and the coupling are kept constant while the am
plitudes of the back-wall echoes are compared. On an instrument with a calibrated 
gain control these amplitudes are then adjusted to the same level on the CR screen 
so that the difference is read directly in decibels. In this way it is, for example, pos
sible to observe the effects of temperature or fatigue by using a crystal cemented to 
a particular specimen so that its shape has no influence on the measurement. In the 
case of different specimens of identical shape any deductions concerning attenua
tion from a back-wall echo or through-transmission signal can be made only if each 
has the same acoustic impedance and surface quality. Thus, for instance, the fact 
that an aluminium block gives a larger back-wall echo than a steel block of ident
ical shape, does not necessarily mean that the attenuation in the aluminium is 
smaller. The more likely cause is better sound transfer in the coupling due to the 
better acoustic impedance matching. 

For absolute measurements it is necessary to use the decrease of the echo am
plitude in a given sequence of multiple back-wall echoes. However, in addition to 
the attenuation of the material, this decrease is caused by the energy losses when 
sound is reflected at the probe-metal interface and also by the geometrical diver
gence of the sound beam. 

According to Truell [1276] the loss caused by the coupling factor can be made 
negligibly small by cementing a single piezo-electric plate without backing or sup-
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Fig. 33.9. Arrangements for attenuation measurement on the basis of multiple-echo se
quences. a Direct contact, near-field; b delay line, near-field; c direct contact, far-field; d de
lay line, far-field 
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porting structures and exciting it exactly at its natural frequency. When conven
tional probes are used therefore a certain loss which is not exactly known has to be 
accepted when testing by direct contact. It is preferable therefore to couple via a li
quid delay line when the reflection losses at the boundary can be calculated from 
the known ratio of the acoustic impedances. 

In the case of losses due to beam spread it is possible to operate entirely in the 
near-field, including all the repeat echoes used in the measurements, in which case 
the effect of beam spread is negligible. An alternative is to use the far-field, beyond 
about three near-field lengths where the amplitude decreases fairly accurately in in
verse proportion to the distance. 

Figure 33.9 shows schematically the arrangement for the four possibilities given 
and the corresponding formulae for measuring the coefficient of attenuation oc in 
dB/mm are: 

a) 
1 

OC=2{jSE' b) 
1 

oc = 2d (SE - Sp), 

c) 
1 

oc =2{j (SE - S~, 

(33.4) 

d) oc = ;d (SE - SR - S~) . 

Equation (33.4a) follows from Eq. (6.1), because if the echo method is used, double 
the plate thickness d must be used. SE is the ratio of two successive echo ampli
tudes H measured in decibels 

SE = 20 Ig HHn . 
n+l 

But if an instrument with a calibrated gain control is used, SE is simply the differ
ence between the two settings required to bring the echoes to a given level on the 
CR screen. 

In the case of Eq. (33.4 b), because of the incomplete reflection at the boundary 
between specimen and water, the corresponding loss SR must be taken into account 
once for each echo: 

where Zl and Z2 are the acoustic impedances of the specimen and the water, respec
tively; see Eq. (2.1). 

Equation (33.4c) follows from Eq. (6.3) with the attenuation SA due to the 
spreading of the acoustic beam in the far-field 

( n + 1) SA=201g -n- . 

In Eq. (33.4d), the beam-spread correction S~ has to be subtracted, in addition 
to the reflection loss and, due to the path w in water, has a slightly different value: 

S' = 20 1 wCw/c + (n + 1) d 
A g wCw/C+ nd . 
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The path in water w enters in the formula only after multiplication by the ratio of 
the acoustic velocities cw/c, in water and in the specimen respectively. 

In Fig. 33.9a it is assumed that the amplitude of the back-wall echo remains constant for 
the whole of the near-field in a material with no attenuation. According to Truell et a1. (1398) 
this is not strictly true because of diffraction phenomena (cf. Fig. 5.7). Accurate measure
ments therefore require a correction given in [1398] which depends on the sound path and is 
approximately 2 dB at the end of the near-field of a true piston oscillator. 

In cases band d of Fig. 33.9 the water can also rise above the metal plate. The 
correction for the reflection losses is then doubled, and one obtains a second rela
tion for IX which can be used in addition for determining the unknown reflection 
and thus the acoustic impedance o( the specimen. 

In such measurements the plate should be thick enough to obtain a good separ
ation of the multiple echoes, but not too thick, so that it accommodates as many 
multiple echoes as possible in the near-field of the oscillator. In case c and d of 
Fig. 33.9 the lateral dimensions of the metal plate should be large enough for the 
echoes used not to be disturbed by side-wall effects. It is best to estimate the mini
mum size on the basis of twice the angle of beam divergence Yo (Fig. 10.31). In this 
respect round specimen plates cause more disturbance than square or irregularly 
shapes plates. 

A variant of the measuring arrangement using a water delay line (Fig. 33.9b, d) 
is to use a solid delay line made of plastic material or steel, the latter being best for 
hot test pieces [1168}. The reflection losses at the interface between the delay line 
and the test piece, and the coefficient of attenuation in the test piece itself can both 
be determined according to Papadakis [1163} from the amplitudes of the echoes re
ceived from the interface and the first and second back-wall echoes from the speci
men. According to Lynnworth [963} these quantities can also be determined from 
the amplitudes of the echoes from the delay line before and after coupling to the 
test piece, and the first back-wall echo from the test piece; see also [S 53]. 

According to Truell a rod-shaped specimen with a reduced mid-section, such as a tensile 
test specimen, produces a collimating effect on the sound beam so that one can work with it 
as in the near-field although the sound paths are much longer. This would mean that it is not 
necessary to use the far-field correction factor SA for the beam spread. 

The demands of plane parallelism for a plate specimen are higher the higher the fre
quency and the required accuracy. According to a calculation by Truell [560] the wedge angle 
of the plate should not exceed approximately 2.5 x 10-3 degrees (i.e. 9 seconds of arc), if an 
attenuation of 0.5 dB/lJs has to be measured with an accuracy of 10 % at 300 MHz. Note that 
here the attenuation is referred to transit time instead of to path length (see (211)). This al
ready requires plane parallelism of optical quality. 

For measurements on flat plates the arrangements shown in Figs. 33.9a and b 
are better suited to higher frequencies since with these sufficiently long near-fields 
can be obtained using convenient oscillator diameters. 

Only with the arrangement shown in Fig. 33.9a does the echo sequence approximately fol
Iowan exponential function. This is exploited in an attenuation measuring instrument de
signed by Truell, and sold by Automation Industries, called the "Attenuation Comparator". It 
uses the discharge of capacitor whose voltage decay curve is also an e-function. Simultane
ously with the transmitting pulse a charged capacitor is discharged through a variable resistor. 
The curve appearing on the CR screen has to be matched to the echo sequence (Fig. 33.10). 
Since in this case both e-functions have the same exponent, the value IX d can be read directly 
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Fig. 33.10. Measurement of the exponential decay of the arrangement shown in Fig. 33.9a, by 
matching the discharge function of a capacitance C through a resistance R with the echo 
sequence 
Fig. 33.11. Attenuation measurement with through-transmission 

on the scale of the control. The instrument operates from 1 to 200 MHz. Correct measure
ment, however, presupposes that the multiple echoes are all in the near-field and that coup
ling losses are avoided by using a tuned, undamped crystal. 

To be able to observe rapid changes of the attenuation Truell [1536] has developed an in
strument for automatic measurements, called the "Automatic Attenuation Readout Adapter". 
By means of a logarithmic and a differential amplifier the exponent DC d is obtained from two 
gated echoes of the sequence and indicated in real time or recorded continuously. 

In a modification of the above arrangements the measurement can also be 
made by pulse through-transmission (Fig. 33.11). However, if this is used for com
paring multiple echoes, and if the entire process takes place in the near-field, it is 
essentially the same as Fig.33.9b. Sometimes, however, a single transmission is 
used and compared with the signal of the free water section without test piece. Thus 
if the water can be regarded as non-absorptive (only valid for measurements on 
highly attenuating specimens) the difference between the two signal amplitudes 
contains a double reflection loss as well as the attenuation in the specimen. If the 
attenuation of the water is appreciable then it would also have to be taken into con
sideration and added to the measured value of the material attenuation. The water 
attenuation depends on both the frequency and the temperature as well as the gas 
content (cf. Bergmann [2, p.462]). Because of the short sound paths, this method is 
suitable for materials with high attenuation and where the sound path of multiple 
echoes would extend beyond the near-field at the given values of metal thickness, 
frequency and transducer diameter. 

The sound absorption in water and also its frequency and temperature depen
dence has been described in Section 6.1. Usually it can be neglected but at high 
pulse powers, even when using conventional pulse-echo flaw detectors, it can in
crease considerably as a consequence of cavitation onset and non-linear stressing. 
Then it depends on the the sound pressure and hence on the distance from the 
probe. To avoid obtaining false results the measurements should be performed at 
various different distances from the probe, to check whether the results are con
stant. 

Ivens using multiple echoes, has measured with a similar arrangement in the 
far-field and in the transition zone between near- and far-fields. In this region a 
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large receiver would have required corrections for the propagation of the sound 
field which cannot easily be neglected. The measurement was therefore made with 
a small receiver for which the pattern ofthe acoustic pressure along the axis accord
ing to Eq. (4.8) applies. 

Because of the usually strong frequency dependence of the attenuation, the dif
ferent frequencies contained in the pulse are affected to different degrees, so that 
the pulse shape becomes more and more distorted as it passes through the material. 
Therefore a simple comparison of the amplitudes of successive echoes in a se
quence can give the wrong results especially when very short (broad band) pulses 
are used. A better method, which simultaneously gives the frequency dependence 
of the attenuation, is described by Vary [1558]. Two pulses of the sequence are 
transformed from the time domain into the frequency domain by a frequency ana
lyzer. Now the ratio of the frequency curves, corrected for the differing geometric 
losses, gives the true attenuation at each frequency. 

All the methods mentioned above require a specimen of the material concerned 
which has been specially prepared for the purpose. Frequently, however, attenua
tion measurements on the test piece itself are of interest, when structure has to be 
evaluated or when corrections must be made to flaw size evaluations. 

This requires that a fairly smooth back-wall of the specimen normal to the 
sound beam can be used for comparison with the back-wall echo of a non-attenuat
ing reference plate. Using the known near-field length of the probe, the ratio of the 
two echoes is calculated according to Chapter 5, or more simply read from a DOS 
diagram. As a result of the attenuation, the measured amplitude of the back-wall 
echo of the specimen is lower than the calculated value. The difference gives the 
mean attenuation over the thickness of the specimen, which can be estimated di
rectly in dB/m if the equipment has a calibrated gain control. Corrections can also 
be made for cylindrical test surfaces and back-wall [852]. 

Example. A specimen of 400 mm in thickness with a plane back-wall and without attenuation 
should give a back-wall echo 40 % of that from a flat reference plate (i.e. - 8 dB) when using a 
probe with a near-field of 100 mm (Fig. 5.6). If in fact 28 dB difference is measured, 20 dB of 
it is attributable to the attenuation. The mean attenuation is therefore 20 dBI 
800 mm = 25 dB/m. 

If the specimen shown in Fig. 33.9c is thicker than three times the nearfield 
length, the error caused by using a conventional probe in contact can be neglected 
for practical purposes and the attenuation can be determined according to formula 
(33.4c), even on a test piece such as a forging, provided it has plane-parallel faces. 

In a solid, cylindrical forging the multiple echoes also behave exactly like those 
in a plate as a result of the focussing effect [1150]. In the case of a hollow, cylindri
cal specimen, such as a bored rotor, the beam-spread effect SA must still be calcu
lated on geometric-acoustic principles (see Section 3.4). 

Naturally, the accuracy of such routine measurements is much lower than that 
of the laboratory methods described above. However, even here it is difficult to 
keep the error below a few dB/m in the frequency range used in materials test
ing, which in the case of microcrystalline metals and at 2 MHz is already of the or
der of magnitude of the attenuation itself. Therefore, for scientific purposes higher 
frequencies are more commonly used. 
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Fig. 33.12. Attenuation in aluminium during a tensile test, according to Truell 

The dependence of the attenuation on conditions of mechanical stress may pos
sibly lead to a solution of a very urgent problem of materials testing, viz. the predic
tion of fatigue-crack development under the influence of alternating stresses. Fi
gure 33.12 shows the relevant results on aluminium according to Truell [1536J. The 
left half of the diagram shows the increase of the attenuation with elongation in the 
non-repeated tensile test. The acoustic velocities (see Section 33.2) change at the 
same time. On the right of the diagram the attenuation is plotted versus time, the 
elongation reached ultimately in the tensile test being kept constant. The decrease 
of the attenuation, which after some time reaches an asymptotic value, is called rec
overy. The changes of attenuation reached during the first part of the test depends 
on the load as a function of time because the recovery occurs during the same pe
riod. This phenomenon is readily explained by the dislocation theory of crystallat
tices, as well as the irregular recovery pattern which sometimes shows maxima and 
minima. 

A similar recovery of the material is initially observed after interrupting a pat
tern of alternating stress loading. However, after a large number of alternating stress 
cycles this recovery is slowed down progressively and finally disappears completely. 
When this stage is reached the material is fatigued and cracking is imminent. 

In the case of magnetic materials the pattern of the attenuation during the ten
sile test is different and more complex. If these materials are free of residual 
stresses, the attenuation decreases during elongation in the elastic range. Here, the 
points of dislocation play a minor role in contrast to the walls of the magnetic ele
mentary domains (Weiss domains). The elongation reorientates these zones, resulting 
in improved sound transmission. The same decrease of the acoustic attenuation is 
also observed during magnetization of the specimen. If, in the case of steel, resid
ual stresses produced for example by cold-working, are superimposed, external 
stresses and residual stresses oppose each other so that the attenuation value passes 
through a maximum at a medium elongation (cf. [658]). 

Vary [1558J has established methods of inter-relating attenuation with material 
properties, such as tensile strength, and fracture toughness, in polycrystalline 
and/or anisotropic and/or inhomogeneous materials. These apply especially to fibre 
composites thus allowing prediction of their behaviour under stress up to fracture. 
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The so-called stress-wave-factor method (SWF) (see [S 170)) measures attenua
tion by a method similar to the brush method described in Section 31.4 for testing 
aluminium extrusions. Using point-source transmitters and narrow-band receivers 
usually below 1 MHz, ultrasonic energy is transmitted through the specimen in a 
random manner. The received signal is displayed in an HF form, showing a number 
of ring-down oscillations, the number depending on the attenuation. This number, 
which is digitally indicated, is the stress-wave-factor, and it is normalized by com
parison with an identical standard specimen. As well as the correlation with mate
rial properties mentioned above it has been shown to measure the strength of a rub
ber-steel bond (Section 29.2) [S 170, S 70]. 

In some cases the attenuation of sound also makes possible the determination 
of the degree of contamination in crystals by foreign atoms, and the observation of 
their movement during heat treatment. They reduce the attenuation because the 
dislocation points are pinned by the foreign atoms so that they are prevented from 
carrying out energy dissipating oscillations in the sound field. This has been ob
served in germanium, and also in titanium and copper after absorption of hy
drogen. 

As explained in Chapter 6 the attenuation of sound is caused by true absorption 
(transformation of energy into heat) and wave scattering. The reason for scattering 
is the inhomogeneous microscopic structure of polycrystalline material (even if it 
consists of only one metallurgical phase), caused by the single-crystal anisotropy 
and the different orientation of the crystallographic axes of the individual grains. 
Because all metal crystallites are more or less anisotropic the relevant elastic con
stants for the propagation of sound differ from one grain to the next. At the grain 
boundaries therefore the sound is scattered as at the boundary between two differ
ent metallurgical phases. The scatter is measured by the scattering coefficient, 
which together with the true absorption coefficient accounts for the total attenua
tion. 

1.03 

t ,·02 

... '.0' 
~ ." 

agg 

1"---'-

1----

'-'-1----. 

--- --
-

/'-

./.' 
V' 

f-
./ /" 

// 
/' 

",,/ / / 

V 
ag8 

al 0.2 O.t. 0.6 O.B 1 2 
a/'}" 

.... -. _._. 

-... -r--- - --
1'-" 

6 8 10 20 

Fig. 33.13. Phase velocity oflongitudinal waves in 70 % cold rolled steel, normalized by the ve
locity in isotropic material. Direction of measurement: in the rolling direction; 
- - - - transverse to it; - - - normal to the specimen 
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Fig. 33.14. Coefficient of scattering for longitudinal waves in 70 % cold-rolled steel. Direction 
of measurement: in the rolling direction; - - - - transverse to it; - -
normal to the specimen 

The amount of scatter varies with the ultrasonic frequency and the size of the scatterers 
which is, in this case, the grain size. Scattered waves also propagate in the direction of the ul
trasonic beam. Since they are phase-shifted relative to the original beam the super-position of 
the incident and the scattered waves in polycrystalline materials cause frequency dependent 
sound velocities and thus exhibit dispersion. 

In polycrystalline material showing texture the crystallographic axes of the grains have a 
weighted orientation distribution. Therefore the ultrasonic velocities and scattering coeffi
cients, as well as their dispersion characteristics, are directional. 

The scattering at the grain boundaries, which depends on both the monocrystalline and 
the structural properties, provides a means of non-destructive structure analysis by making 
use of measured ultrasonic velocity dispersion and scattering coefficients, if the relationships 
can be expressed quantitatively. The theory of sound propagation in polycrystalline media 
[S 165, S 72, S 73, S 74) allows this calculation for both longitudinal and transverse waves. The 
first three of the papers mentioned deal with the simplest case of single-phase materials with 
cubic crystal symmetry with or without rolling or fiber texture. The last one presents the first 
results relating to multi-phase structures. 

Figures 33.13 and 33.14 illustrate the velocity and the scattering coefficients for longitudi
nal waves in cold rolled steel as a function of the ratio of the effective radius a to the wave
length A of the corresponding homogeneous isotropic medium. The velocity and scattering co
efficients are respectively normalized relative to the velocity and wave number, derived from 
the isotropic averaged elastic constants. 

The influence of the direction of measurement, and also the dispersion, are of 
the order of a few percent, the scattering coefficients also varying considerably with 
the testing direction. 

From these results arises the possibility of evaluating the grain size and other 
structural parameters from measurements of the velocities and scattering coeffi
cients in different directions and at various frequencies. Structural parameters in-
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clude the texture coefficients and the shape, size and volume fractions of secondary 
phases. In the paper [835) from 1975 a method of grain-size discrimination has al
ready been proposed, which uses the approximate results of the scattering coeffi
cients valid in the Rayleigh region, where the wavelengths are large compared with 
the effective grain diameter. The Rayleigh approximation was already available be
fore the development of the general scattering theory. 

This theory allows the directional dependence of sound velocities caused by tex
ture to be calculated, so that ultrasonic techniques for stress determination can be 
applied to textured materials [875). 

Ultrasonic attenuation can be determined either by measurement of the reduc
tion in amplitude of an ultrasonic pulse or of the amplitude of the wave scattered 
into a chosen direction as a function of the sound path. With the pulse-echo 
method the back scattered amount is measured. 

As mentioned above, the scattering amplitude depends on the grain size and 
within the Rayleigh region it increases with the third power of the effective grain di
ameter. Therefore coarse grained materials cause high scattering amplitudes and a 
rapid reduction of signal strength with transit time or path length while fine grained 
structures produce low scattering amplitudes decreasing slowly with time or path, as 
illustrated in Fig.33.15 (see [829)). If the grain size in the material varies with 
depth the decrease of the scattering amplitude plotted on a logarithmic scale will 
no longer be linear and will thus indicate macroscopic inhomogeneity of the struc
ture. 

Time of flight or sound path 

Fig. 33.15. Back-scatter amplitude versus sound path 
in a logarithmic presentation 

According to [830, 431) it is possible to determine separately the amounts of 
scattering and absorption by measuring the decrease of the pulse amplitude in the 
propagation direction and also the back scattering amplitude. 

The oldest practical application of scattering measurements is the determina
tion of the hardened layer on chilled cast-iron rolls [1515, 1689, 1217). Here, the 
transition from the "white iron" surface layer to the "grey iron" core is revealed by 
the increased sound scattering from the graphite lamellae in the core. Frequencies 
between 4 and 8 MHz are used with normal (0°) acoustic irradiation. 

As with all scattering measurements the analysis of the results is better defined 
if the probe is moved during the test so as to average the indications from different 
grains, so that only the effective grain size is responsible for the measured back
scattering amplitude. 
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According to [829, 831, 832] it is also possible to detect the transition between 
the martensitic surface layer and the periitic core in hardened steel rolls by the rise 
of the scattering amplitude. However, the overall effect is much less than on chilled 
cast-iron rolls and requires supplementary electronic evaluation circuitry. This 
measurement is made using transverse waves at an irradiation angle of 45° and with 
frequencies between 6 and 20 MHz. 

In practice, applications of quantitative attenuation measurements for testing 
materials are still rather rare. Frequently, however, an estimation of the grain size 
and of the structure, for example in cast iron, can be obtained from the ratio of 
back echoes from different specimens of similar dimensions. In cast iron, the ten
sile strength can also be estimated from the attenuation but in this case, exact 
quantitative measurements are not usually required (see Section 31.3). According 
to [1040, 843, 1041] the hardness of steel can be derived from its attenuation values. 
Measurements of grain size are reported in [88, 191, 482, 63, 669, 805, 1249], espe
cially in metals also in [127, 432, 1501, 1134, 635, 535, 563, 586]. A simple distinc
tion between coarse and fine grained structures in forgings is treated in [482]. An 
installation for grain-size evaluation according to the method of [S 35] is presented 
in [1112]. 

Scientific works on sound attenuation are reported in [659, 658, 559, 1535, 
1533, 940, 206, 1096, 669, 901 (in liquid steel), 1400, 1436, 381, 1165, 839, 1577, 
1249, 1588, 1584 (in natural rock)]. The relation between attenuation and fatique is 
treated in [1628] for glass fibre-reinforced composites, and in [823] for railway 
axles. In [737] it is related to the structural changes taking place before cracks ap
pear and during their subsequent propagation. The theory of sound propagation in 
polycrystalline structures [S 165, S 72, S 73, S 74] provides the basis for additional 
quantitative methods of using ultrasonics for structure analysis which not only ex
ploit attenuation and scattering amplitudes, but also use the frequency dispersion 
of sound velocities. 

33.4 Low-load Vickers Hardness Testing 

It is well known that a vibrating mechanical resonator, a quartz crystal for instance, 
changes its resonant frequency when it makes contact with another solid body. It is 
also known that this frequency change increases if the contact pressure is increased, 
due to the corresponding increase in contact area. This fact suggests the possibility 
of building hardness-testing equipment based on this effect, in particular a fully au
tomatic, rapid action, Vickers hardness tester. 

The theory of elasticity gives a formula for the elastic stiffness of the contact 
zone, for a constant contact area A., 

kc = c( 1 ~IV~ + 1 ~2V~) -I ..fA; (33.5) 

where C is a numerical factor and E1 , E2 , VI and J'2 are the Young's moduli and the 
Poisson's ratios, respectively, of the two solids. The external elastic contact stiffness 
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kc is added to the effective stiffness of the contacting resonator, resulting in an in
crease in the effective resonant frequency of the system. 

Now, if it is possible to determine the exact value of kc by experimental mea
surement, and if the elastic constants of the bodies in contact are known, the area 
of contact, A c , can be calculated from formula (33.5). This makes it possible to 
measure the contact area resulting from an indentation under external pressure, 
thus also the indentation hardness. In practice the resonator used for this purpose is 
a metal rod with a diamond pyramid indenter firmly attached to one end. When a 
static loading force is applied to the other end in the axial direction, and the dia
mond is applied to the surface of a test piece, a permanent indentation results. At 
the same time the resonant frequency of the longitudinally excited rod increases by 
,1/= /- /0, where fo is its free resonant frequency. The elastic stiffness of the con
tact zone can then be calculated from the equation: 

kc = kOQ1( f) (33.6) 

where ko is a fixed stiffness term, and Q1 is a function that depends on the type of 
mechanical resonator used in the testing equipment. 

The elastic term EI (1 - V12) of the indenter has a fixed value for use in Eq. 
(33.5). The corresponding term E2 (1 - vi) for the test piece is not usually known, so 
that it has to be determined by a calibration procedure, for example by using stan
dardized hardness testing blocks as references. When the quantity in brackets from 
Eq. (33.5) is established, the area Ac can be calculated from the kc value which re
sults from Eq. (33 .6). At this stage the Vickers hardness is calculated from Eq. 
(33 .7) 

P 
Hv = 0.09457 A; (33.7) 

where P is the static test load, measured in N, and Ac is the plane surface contact 
area in mm2 defined by the edges of the indentation when the full loading force P is 
applied. The plane contact area of a pyramid indentation with straight edges 
equals ~ dl . ~, where dl and ~ are the lengths of the diagonals of the impression. 

As the determination of kc is obtained by the measurement at ultrasonic fre
quencies, of a contact impedance, in which the elastic term happens to be predomi
nant, the test has been named the DCI method. Figure 33.16 shows a portable in
strument which operates according to this principle. Fig. 33.17 illustrates the design 
schematically. Fig. 33.18 shows the equivalent mechanical circuit of the oscillating 
system. 

- . ' : ~ . 

Fig. 33.16. Low-load portable hardness 
tester (design Krautkriimer-Kleesattel), 
battery operated, frequency 40 kHz, 
load P = 8 N, hardness numbers from 
50 to 950 Hv indicated digitally 
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9 

Fig. 33.17. Manual sensor of the UCI hardness tester. 
1 resonating rod with two nodes K, 2 indentation body, a 
Vickers diamond pyramid, 3 PZT -ceramic transducers excit
ing the oscillation, 4 PZT -ceramic receivers, 5 rod mounting, 
acoustically soft, 6 outside housing, 7 innerhousing, axially 
moveable within 6, 8 two closely wound steel springs provid
ing constant load, 9 servo-mechanics for automatic transport 
of the indenter rod with speed control for shock-free contact 
with the test piece, 10 protecting nozzle, 11 specimen 

The resonant frequency of this system equals 

f=~ fko+k: 
2nV-m 

and its free resonant frequency for Ie" = 0 is 

Hence 

This reduces to 

if 

1{k; 
f= 2n Vm' 

f--~ 
kc = 4n2m(f- -.fa) = kOT' 

2ko 
k "'-AI! 

c fo 

o~ j[ ~ 0.02. 

For further details of the theory see [794, 795, S 54, S 87, S 86]. 
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The growing importance of ultrasonic testing has persuaded associations for the ap
plication of non-destructive testing methods, of manufacturers and users, as well as 
standardizing organizations, to publish standards ranging from non-compulsory 
recommendations to specifications with legal status. In every country national stan
dardizing commissions are investigating the specifications proposed by the various 
associations and societies. In the Federal Republic of Germany this is the DNA 
(Deutscher NormenausschuB) which publishes the DIN standards. On an interna
tional scale the ISO (International Organization for Standardization) is making ef
forts to reconcile and harmonize the standards of the various countries. For the 
same purpose on a european scale the CEN in Paris has been established (Euro
pean Standards Committee). In addition, similar efforts are being made by interna
tional professional associations, e.g. in the field of welding, such as the IIW (Inter
national Institute of Welding). 

In the ISO it is the Committee 135 (ISO TC 135) which is responsible for gen
eral nondestructive testing methods of materials. In a number of other committees, 
subcommittees are likewise engaged in standardizing special applications of non
destructive testing methods: e.g. 

TC 11 - Boilers and pressure vessels, 
TC 17 - Steel, 
TC 20 - Aircraft, 

TC 44 - Welding, 
TC 85 - Nuclear energy. 

Any logical system of standards for ultrasonic testing methods should comprise 
a number of fundamental standards which serve as basis for a number of further 
standards for special test objects. In the past these latter standards, e.g. for welded 
joints, frequently were established prior to the fundamental standards as a matter of 
urgency. This is now clarified by a steering committee of the Deutsche Gesellschaft 
fUr zerstorungsfreie Priifverfahren (DGZfP) [German Association for Nondestruc
tive Testing Methods]. 

The Table below summarizes the standards of some countries published to date 
in accordance with this scheme, viz. fundamental standards and special standards, 
divided into international and national standards and standards of the most import
ant non-official organisations. Where known, standards which are being presently 
drafted will also be mentioned. It is impossible to present a complete list, especially 
where this concerns standards of professional associations or even private compan
ies (see [1261]). About the numerous USA standards see also [1736] and about Jap
anese standards [785]. For abbreviations see p. 579. 
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Country Institution or its code Title, in short Year 
(see page 579) 

I Fundamentals 
1. Terminology 

IIWIIIS List of terms used in ultrasonic testing 1967 
BRD DIN 54119 Zerstorungsfreie Priifung. Ultraschall- 1981 

priifung. Begriffe 
DDR TGL 15003/01 dto. 1969 
F A 09-300 draft Vocabulaire utilise en controle par 1982 

ultrasons 
GB BS 3683 Glossary ofterms. Part 4: Ultrasonic flaw 1965 

detection 
USA ASTM E 500 Standard definitions of terms relating to 1986 

ultrasonic testing 

2. Training 
A ONORM M 3040 Anforderungen an das Priifpersonal fUr 

zerstorungsfreie Priifungen 
Teill: Allgemeine Richtlinien 1981 
Teil2: Qualifikationsstufen I und II 1981 
Teil 3: Qualifikationsstufe III 1983 

BRD DIN 65450 Luft- und Raumfahrt. 1983 
Zerstorungsfreie Priifung. 
Anforderungen an Priifpersonal 

USA ASNT SNT-TC-IA Personal qualification and certification 1980 
in nondestructive testing 

ASTME543 Practice for determining the qualification 
of nondestructive testing agencies 

3. Test blocks 
ISO 2400 Welds in steel - reference block for the 1972 

calibration of equipment for ultrasonic 
examination 

ISO 7963 Reference block no. 2 for ultrasonic 1985 
examination of welds 

BRD DIN 54120 Kontrollkorper 1 1973 
DIN 54122 Kontrollkorper 2 1973 

DDR TGL 15003/02 wie DIN 54120 1968 
TGL 15003/03 wie DIN 54122 1968 

F NF A 04-311 Blocs d'etalonnage 1964 
NF A 89-611 Bloc d'etalonnage type No 2 pour Ie 1981 

controle par ultrasons des soudures et des 
produits de base (Modele allege) 

GB BS 2704 Calibration blocks 1978 
P JIS Z2345 Calibration blocks type G used in ultra- 1973 

sonic normal beam testing (STB-G) 
JIS Z2346 Calibration block type N 1 used in ultra- 1978 

sonic normal beam testing for steel plates 
(STB-N 1) 

JIS Z2347 Calibration block type A 1 used in ultra- 1978 
sonic angle beam testing (STB-A 1) 

JIS Z2348 Calibration block type A2 used in ultra- 1978 
sonic angle beam testing (STB-A2) 
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Country Institution or its code Title, in short Year 
(see page 579) 

JIS Z2349 Calibration block type A 3 used in ultra- 1978 
sonic angle beam testing (STB-A3) 

NDIS 2301 Calibration block P 1 for ultrasonic Lamb 1966 
wave testing. 

USA ASTM E 127 Fabricating and checking aluminum al- 1982 
loy ultrasonic standard reference blocks 

E 428 Fabrication and Control of Steel Refer-
ence Blocks Used in Ultrasonic Inspec-
tion 

4. Properties of instruments and probes 

BRD DIN 54450 Kontrolle der Eigenschaften von Ultra-
schall Priifsystemen 
Teill: Einfache Kontrollen 1982 

BRD DIN 25450 draft Ultraschallpriifsysteme fUr die manuelle 1988 
Priifung von Komponenten und Syste-
men 

F NF A 09-320 Verification simple en service des appar- 1984 
eillages de controle manuel par ultrasons 
des produits metalliques 

A 09-321 draft Procedure de reception des appareils Ii ul- 1983 
trasons 

A 09-330 draft Definition et verification des caracteris- 1981 
tiques des faisceaux ultrasonores foca-
lises 

A 09-322 draft Caracterisation des traducteurs ultraso- 1985 
nores Ii usage industriel 

GB BS 4331 Performance characteristics of ultrasonic 
flaw detection equipment 
Part 1: Overall performance on-site meth- 1978 
ods 
Part 2: Methods for assessing the perf om- 1972 
ance characteristics 

ESI98-2 Ultrasonic probes: Medium frequency 1979 
(Electricity Supply Industry) miniature shear wave angle probes 
ESI98-7 Normal compression wave probes for 1982 

contact testing 
ESI98-8 Low frequency single crystal shear wave 1982 

angle probes 
ESI98-9 Ultrasonic flaw detectors 1985 

J NDIS 2105 Evaluation of performance characteris- 1976 
tics for portable pulse-echo ultrasonic 
thickness meter 

NDIS 2107 Measurement and representation of per- 1982 
formance of wideband ultrasonic probes 

USA ASTM E317-79 Practice for evaluating performance char- 1979 
acteristics of ultrasonic pulse-echo-test-
ing system without the use of electronic 
measurement instruments 

a The Japanese Industrial Standards, as mentioned, base on former recommendations of the 
Japanese Nondestructive Inspection Society (NDIS) and have been published in English by 
the Japanese Standards Association. 
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Country Institution or its code Title, in short Year 
(see page 579) 

ASTM draft Evaluating the characteristics of ultra-
sonic search units 

ASTM draft Evaluating the electronic characteristics 
of sections of pulse-echo ultrasonic in-
spection instruments 

ASTM E317 Evaluating performance characteristics of 1985 
ultrasonic pulse-echo testing systems 
without the use of electronic measure-
ment instruments 

5. General testing technique 
BRD DIN 54126 Regeln zur Priifung mit Ultraschall 

Teill: Anforderungen an Priifsysteme 1982 
und Priifgegenstiinde 
Teil 2: Durchfuhrung der Priifung 1982 

BRD DIN 54127 draft Justierung von Ultraschall-Priifsystemen 1987 
und Bewertung von Echohohen 

F A 09-331 draft Estimation des dimensions des reflec- 1981 
teurs ultrasonores Ii l'aide de faisceau 
ultrasonores focalises 

J JIS Z2344 Ultrasonic testing of metals by the pulse 1979 
echo technique 

NDIS 2408 Measuring method of thickness by por- 1979 
table pulse-echo ultrasonic thickness 
meter 

USA ASTMDraft Proposed recommended practice for the 
detection and evaluation of discontinui-
ties by the immersed pulse-echo ultra-
sonic method using longitudinal waves 

ASTME214 Immersed ultrasonic testing by the reflec-
tion method using pulsed longitudinal 
waves 

ASTME114 Recommended practice for ultrasonic 
pulse-echo straight-beam testing by the 
contact method 

ASTME587 Ultrasonic angle beam examination by 
the contact method 

ASTME804 Calibration of an ultrasonic test system 
by extrapolation between flat-bottom 
hole sizes 

II Special standards 

1. Heavy forgings 
A ONORMM3002 Ultraschallpriifung von Schmiedestiicken 1982 

aus ferritischem und vergiitbarem Stahl 
BRD VDEh SEP 1921 Ultraschallpriifung von Schmiedestiicken 1985 

und geschmiedetem Stabstahl ab ca. 
100 mm Durchmesser oder Kantenliinge 

DDR TGL 101-267/01 Priifung von Schmiedestiicken durch 1965 
Ultraschall 
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Country Institution or its code Title, in short Year 
(see page 579) 

GB BSM36 Ultrasonic testing of special forgings by 1970 
an immersion technique 

GB BS 4124 Ultrasonic detection of imperfections in 1987 
steel forgings 

GB ESI98-6 Ultrasonic testing of ferritic steel plate 1981 
GB ESI98-13 Manual ultrasonic testing of forgings for 1983 

turbine and generator rotors, shafts and 
discs 

GB ESI98-14 Ultrasonic testing procedures for 1983 
nonmagnetic generator coil retaining 
rings 

J JFSS 13-77 Standard for ultrasonic inspection of 1977 
(Steel Casting Forging marine forgings 
Association Japan) 
NDIS 2411 Ultrasonic testing of steel forgings 1980 
JIS dto. in preparation 

USA ASTM A388 Recommended practice for Ultrasonic 
examination of heavy steel forgings 

ASTMA418 Ultrasonic inspection of turbine and 
generator steel rotor forgings 

ASTMA503 Specification for ultrasonic examination 
of large forged crankshafts 

ASTM A531 Recommended practice for inspection of 
turbine-generator steel retaining rings 

ASTMA745 Ultrasonic examination of austenitic 
steel forgings 

ASTME588 Detection of large inclusions in bearing 
quality steel by the ultrasonic method 

ASTMA21 Carbon steel axles, non-he at-treated and 
head-treated, for railway use 

2. Plate 
BRD DIN 54123 Ultraschallverfahren zur Priifung von 1980 

SchweiB-, Walz- und Spreng-
plattierungen 

VDEh SEL 072-69 Stahl-Eisen-Lieferbedingungen: 1977 
Ultraschallgepriiftes Grobblech 

DDR TGL 15003/10 Ultraschallpriifung von Blechen und 1983 
Biindem 

F NF A04-305 Controles des tOles fortes aux ultra- 1983 
sons - Definition de qualites -
Methodes d'essais 

GB BS 5996 Methods for ultrasonic testing and speci- 1980 
fying quality grades of ferritic steel plate 

GB ESI98-6 Ultrasonic testing of ferritic steel plate 198? 
J JIS G801 Ultrasonic examination of steel plates for 1974 

pressure vessels 
J JIS C901 Classification of structural rolled steel 1983 

plate for building by ultrasonic test 
USA ASTMA435 Straight-beam ultrasonic examination of 

steel plates for pressure vessels 
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Country Institution or its code Title, in short Year 
(see page 579) 

ASTM A577 Ultrasonic angle beam examination of 
steel plates 

ASTMA578 Straight-beam ultrasonic examination of 
plain and clad steel plates for special 
applications 

ASTM B548 Specification for standard method for ul- 1982 
trasonic inspection of aluminium alloy 
plate for pressure vessels 

USA ASTM B 594-82 Method for ultrasonic inspection of alu- 1982 
minium-alloy wrought products for aero-
space applications 

3. Tubes and other long products 

BRD DIN 17175 Nahtlose Rohre aus warmfesten Stiihlen 1979 
VDEh SEP 1915 Stahl-Eisen-Priifblatt: Ultraschallpriifung 1977 

an nahtlosen Rohren aus warmfesten 
Stiihlen 

VDEh SEP 1918 Ultraschallpriifung auf Querfehler von 1977 
Rohren aus warmfesten Stiihlen 

VDEh SEP 1919 Ultraschallpriifung auf Dopplungen von 1977 
Rohren aus warmfesten Stiihlen 

VDEh SEP 1921 Ultraschallpriifung von Schmiedestlicken 1985 
und geschmiedetem Stabstahl ab ca. 
100-mm Durchmesser oder Kantenliinge 

F NF A49-870 Tubes en acier - Methodes de controle 1981 
non-destructif - ContrOie par ultrasons 
pour la recherche des defauts longitudi-
neaux 

NF A04-307 Detection par ultrasons des defauts 1983 
internes des produits longs autres que 
poutrelles, rails et profiles analogues 
(controle manuel) 

GB BS 3889 Ultrasonic testing of ferrous pipes 1965 
GB ESI98-5 Automatic ultrasonic testing of tubes, 1983 

Part 1: Seamless and welded tubes out-
side diameters of 12 mm up to but not 
including 160 mm 
Part 2: Seamless steel tubes outside 
diameters 160 mm and above 

USA ASTMA376 Specification for seamless austenitic steel 
pipe for high temperature central station 
service 

ASTMA450 General requirements for carbon, ferrite 
alloy, and austenitic alloy steel tubes 

ASTMA556 Standard Specification for seamless cold-
drawn carbon steel feed water heater tubes 

ASTMA557 Standard Specification for electric-resist-
ance welded carbon steel feedwater 
heater tubes 

ASTME213 Ultrasonic inspection of metal pipe and 1985 
tubing for longitudinal discontinuities 
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Country Institution or its code Title, in short Year 
(see page 579) 

ASTM E453 Recommended practice for examination 
of fuel element cladding including the 
determination of the mechanical 
properties 

ASTM A376 Specification for seamless austenitic steel 1985 
pipe for high temperature central station 
service 

4. Castings 

BRD DIN 17245 Warmfester StahlguB 1987 
VDEh SEP 1922 Stahl-Eisen -Priifblatt: 1989 

Ultraschallpriifung von GuBstticken aus 
ferritischem Stahl 

VDG P540 Ultraschallpriifung von GuBstticken aus 1988 
(Verein Deutscher GieBerei- GuBeisen mit Kugelgraphit 
fachleute) 

GB BS 4080 Non-destructive testing of steel castings 1966 
GB ESI98-4 Ultrasonic testing of ferritic steel castings 1982 
USA ASTMA609 Specification for ultrasonic examination 1983 

of carbon and low-alloy steel castings 

5. Welded Seams 

IIWIIIS 
- 205-66 Draft recommended practice for the uitra- 1966 

sonic inspection of butt welds Handbook 
on the ultrasonic examination of welds. 1977 
Welding Institute Abington 

- VC422-84 Handbook on the ultrasonic examination 1984 
of austenitic welds 

- V-732-82 Subcommission VC Working Group: 1982 
Guidance on the assessment of ultrasonic 
indications to determine defect type and 
defect size 

- V-714-821 Recommendations concerning the defect 1982 
sizing with ultrasound on welds 

- V-664-79 Example for the direct evaluation of 1979 
ultrasonic indications using the reflectiv-
ity diagram method (go/no go-criteria) 

- V-751-83 Danish Central Welding Institute: 1983 
Quality classes for the arc welded joints 
in steel materials 

- V-627-78 Herman, H.: Ultrasonic testing of heated 1978 
tool welded butt joints in hard 
polyethylene 

A ONORMM3001 Ultraschallpriifung von SchmelzschweiB- 1986 
nahten ferritlscher Stahle 

ONORM C2125 Oberirdische zylindrische Flachboden- 1982 
behalter aus metallischen WerkstofTen. 
Grundlagen. Ausflihrungen, Priifungen 

BRD DIN 54123 Ultraschallverfahren zur Priifung von 1980 
SchweiB-, Walz- und Spreng-
plattierungen 
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Country Institution or its code Title, in short Year 
(see page 579) 

DIN 54125 Zerstorungsfreie Priifung: 1983 
Priifung von SchweiBverbindungen mit 
Ultraschall 

DIN 54125 Anwendungshilfen zur Norm 1983 
Beibl. 1 
AD Merkbl. HP 5/3 Herstellung und Priifung der Ver- 1981 
(Arbeitsgemeinschaft bindungen: Zerswrungsfreie Priifung der 
Druckbehiilter) SchweiBniihte 
Anlage zu HP 5/3 Verfahrenstechnische Mindest- 1977 

anforderungen fUr die zerstorungsfreien 
Priifverfahren 

KTA3201.3 Komponenten des Primiirkreises von 1979 
Leichtwasserreaktoren: Herstellung 

VDEh SEP1916 Zerswrungsfreie Priifung schmelz- 1975 
geschweiBter Fernleitungsrohre fUr 
brennbare Fliissigkeiten und Gase 

DDR TGL 15003/11 Ultraschallpriifung: Priifung von 1988 
SchweiBverbindungen 

GB BS 3923 Methods for ultrasonic examination of 
welds 
Part 1. Manual examination of fusion 1978 
welded butt joints in ferritic steels 
Part 2. Automatic examination of fusion 1972 
welded butt joints in ferritic steels 
Part 3. Manual examination of nozzle 1972 
welds 

BS 3923 Ultrasonic examination of welds 
Part 1: Methods for manual examination 1986 
offusion welds in ferritic steels 
Part 2: Automatic examination of fusion 1972 
welded butt joints in ferritic steels 
Part 3: Manual examination of nozzle 1972 
welds 

BSM42 Non-destructive testing of fusion and 1972 
resistance welds in thin gauge materials 

ESI98-5 Automatic ultrasonic testing of tubes, 1983 
Part 1: Seamless and welded tubes out-
side diameters of 12 rom up to but not 
including 160 rom 
Part 3: Longitudinally submerged arc 
welded steel tubes, outside diameters 
160 rom and above 
Part 4: Longitudinally electric resistance 
and induction welded steel tubes outside 
diameters 160 rom and above 

ESI98-10 Manual ultrasonic testing of welds in 
ferritic steel sections 
Part 1: Butt welds in ferritic steel sections 1984 
greater than 10 rom thick 
Part 2: Nozzle, brand, stub and 1983 
attachment welds 
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Country Institution or its code Title, in short Year 
(see page 579) 

Part 3: Butt welds in tubes of outside 1984 
diameters between 25 mm and 120 mm 
inclusive 

ESI98-10 Manual ultrasonic testing of welds in 
ferritic steel sections 
Parts 1: Butt welds in ferritic steel 1981 
sections greater than 10 mm thick 
Part 2: Nozzle, branch, stub and 1983 
attachment welds 

J JIS Z3060 Ultrasonic testing of ferritic steel welds 1975 
and the classification of test results 

JIS Z3061 Method of ultrasonic manual testing for 1983 
ferritic steel welds on curved material 

JIS Z3080 Method of ultrasonic angle beam testing 1982 
and classification of test results for 
aluminium welds 

NDIS 2407 Methods for automatic ultrasonic testing 1976 
of steel welds 

USA ASTME164 Recommendation for ultrasonic contact 1981 
examination ofweldments 

ASTME273 Ultrasonic inspection of longitudinal 1983 
and spiral welds of welded pipe and 
tubing 

AS ME Boiler and pressure vessel code 1971 
Section III: Nuclear power plant 
components, Appendix IX 3000 Non-
destructive methods of examination 

ASTMF600 Nondestructive ultrasonic evaluation of 
socket and butt joints of thermoplastic 
piping 

ASME Boiler and pressure vessel code 1971 
Section III: Nuclear power plant 
components, Appendix IX 3000 Non-
destructive methods of examination 

UdSSR Gost 14782-69 SchweiBverbindungen. Methoden der 1970 
Ultraschallpriifung 

6. Miscellaneous 
ISO 4386 Plain bearings. Part 1: Nondestructive 1987 

ultrasonic testing of bond for bearing 
metal layer thickness ;;;2 mm 

ISO 5948 Railway rolling stock material. Ultrasonic 1981 
acceptance testing 

BRD DIN 25435 Kemtechnische Anlagen. Wieder- 1979 
kehrende Priifungen 
Teill: Mechanisierte Ultraschall- 1979 
priifungen 
Teil 5: Protokollvordrucke zur 1981 
Dokumentation der Daten mechani-
sierter Ultraschallpriifeinrichtungen 
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Country 

GB 

USA 

Institution or its code 
(see page 579) 

DIG Werkstoff-Priifblatt 
Nr.831 
(Deutsches Kupfer-Institut) 
BS 4408 

ASTMC597 

ASTMB594 

ASTMD2845 

ASTME494 

ASTME664 

ASTME797 

ASTMG46 

ASTMD2966 

Title, in short 

Ultraschallpriifung von Platten aus 
Kupfer und Kupferiegierungen 

Part 5: Recommendations for non
destructive methods of test for concrete. 
Measurement of the velocity of 
ultrasonic pulses in concrete 

Year 

1985 

1974 

Test method for pulse velocity through 1983 
concrete 
Ultrasonic inspection of aluminium-alloy 
products for aerospace applications 
Test method for pulse velocities and 
ultrasonic elastic constants of rock, 
laboratory determination of 
Measuring ultrasonic velocity in 
materials 
Measurement of the apparent attenuation 
of longitudinal ultrasonic waves by 
immersion method 
Measuring thickness by manual ultra
sonic pulse-echo contact method 
Recommended practice for examination 
and evaluation of pitting corrosion 
Test method for cavitation erosion-corro
sion characteristics of aluminium in 
Engine Coolants Using Ultrasonic 
Energy 



Appendix. Tables, Formulae and Diagrams 

Table A 1. Densities, velocity of sound and acoustic impedances of some materials 

Material Density g Velocity of sound Acoustic 
impedance 

long. CI transv. Ct Z=gcl 
103 kg/m3 103 m/s 103 m/s 106kg/m2s 

Metals 
Aluminium 2.7 6.32 3.13 17 
Bismuth 9.8 2.18 1.10 21 
Brass (58) 8.4 4.40 2.20 37 
Cadmium 8.6 2.78 1.50 24 
Cast iron (cf. Section 31.3) 6.9 to 7.3 3.5 to 5.8 2.2 to 3.2 25 to 42 
Constantan 8.8 5.24 2.64 46 
Copper 8.9 4.70 2.26 42 
German silver 8.4 4.76 2.16 40 
Gold 19.3 3.24 1.20 63 
Stellite 11 to 15 6.8 to 7.3 4.0 to 4.7 77 to 102 
Iron (steel) (cf. Section 31.1) 7.7 5.90 3.23 45 
Lead 11.4 2.16 0.70 25 
Magnesium 1.7 5.77 3.05 10 
Manganin 8.4 4.66 2.35 39 
Mercury 13.6 1.45 20 
Nickel 8.8 5.63 2.96 50 
Platinum 21.4 3.96 1.67 85 
Silver 10.5 3.60 1.59 38 
Tin 7.3 3.32 1.67 24 
Tungsten 19.1 5.46 2.62 104 
Zinc 7.1 4.17 2.41 30 

Non-metals 
Aluminium oxide 3.6 to 3.95 9 to 11 5.5 to 6.5 32 to 43 
Epoxy resin 1.1 to 1.25 2.4 to 2.9 1.1 2.7 to 3.6 
Glass, flint 3.6 4.26 2.56 15 
Glass, crown 2.5 5.66 3.42 14 
Ice 0.9 3.98 1.99 3.6 
Paraffm wax 0.83 2.2 1.8 
Acrylic resin (Perspex) 1.18 2.73 1.43 3.2 
Polyamide (nylon, perlon) 1.1 to 1.2 2.2 to 2.6 1.1 to 1.2 2.4 to 3.1 
Polystyrene 1.06 2.35 1.15 2.5 
Porcelain (see Section 32.1) 2.4 5.6 to 6.2 3.5 to 3.7 13 
Quartz glass (silica) 2.6 5.57 3.52 14.5 
Rubber, soft 0.9 1.48 1.4 
Rubber, vulcanized 1.2 2.3 2.8 
Polytetrafluoroethylene (Teflon) 2.2 1.35 0.55 3.0 

Liquids 
Glycerine 1.26 1.92 2.5 
Methylene iodide 3.23 0.98 3.2 
Diesel oil 0.80 1.25 1.0 
Motor car oil (SAE 20 a. 30) 0.87 1.74 1.5 
Water (at 20°C) 1.0 1.483 1.5 
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Table A2. Reflection at boundaries for normal incidence 
Upper figures: reflection factor of amplitude in % 
Lower figures: gain (dB) needed to compensate the reduced reflection 
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Aluminium 0 18 46 71 41 29 49 38 72 10 85 72 68 13 74 68 84 7 
15 6.8 3.0 7.8 11 6.1 8.4 2.9 20 1.4 2.9 3.3 18 2.6 3.3 1.5 23 

Lead 0 30 60 26 12 34 21 62 27 89 80 77 31 82 77 89 11 
10 4.4 12 19 9.5 14 4.2 11 1.0 2.0 2.3 10 1.8 2.3 1.1 19 

Iron (steel) 0 37 4 19 4 9 39 53 94 88 87 56 88 87 94 40 
8.6 27 14 28 21 8.2 5.5 0.5 1.1 1.2 5.1 1.2 1.2 0.6 8.1 

Stellite 0 41 53 33 45 2 75 97 95 94 77 95 94 97 67 
7.8 5.6 9.6 6.9 34 2.4 0.2 0.5 0.6 2.3 0.4 0.6 0.3 3.5 

Copper 0 15 8 5 43 50 94 87 86 53 89 86 93 36 
17 22 26 7.4 6.0 0.6 1.2 1.3 5.6 1.0 1.3 0.6 8.9 

Brass 0 23 10 54 38 91 83 81 41 85 81 91 22 
13 20 5.4 8.5 0.8 1.6 1.8 7.6 1.4 1.8 0.8 13 

Nickel 0 13 35 56 94 89 88 58 90 88 94 33 
17 9.0 5.0 0.5 1.0 1.1 4.7 0.9 1.1 0.5 9.5 

Silver 0 47 46 93 86 84 49 88 84 92 31 
6.6 6.8 0.7 1.3 1.5 6.2 1.2 1.5 0.7 11 

Tungsten 0 76 97 95 94 78 95 94 97 68 
2.4 0.2 0.5 0.5 2.2 0.4 0.5 0.2 3.3 

Glass (crown and 0 82 67 63 4 70 63 81 17 
ordinary) 1.8 3.5 4.0 29 3.1 4.0 1.9 15 

Rubber, soft 0 50 40 80 30 40 3 87 
6 8 2 11 8 30 1.2 

Rubber, vulcanized 0 7 65 6 7 30 75 
23 3.8 25 23 10 2.5 

Perspex 0 60 10 0 40 72 
4.4 20 9 2.8 

Porcelain 0 70 60 80 20 
3 4 2 14 

Glycerine 0 10 25 78 
20 12 2.2 

Methylene iodide 0 40 72 
9 2.8 

Oil (motor car oil SAE 0 86 
20 to 30) and wliter 1.3 

Mercury 0 



Formulae for Reflection and Transmission Coefficients 

The following formulae give reflection (R) and transmission (D) coefficients for the 
acoustic pressure as a function of the incidence angle, calculated for plane waves on 
plane boundaries and disregarding absorption. The notation of the formulas is 
based on that of Schoch [35J where, however, they refer not to the acoustic pressure 
but to the particle displacement. 

The following equations do not seem to have solutions in certain angular 
ranges, especially beyond the critical angle for the total reflection of the longitudi
nal wave, because an angle is required with a sine function greater than one. This 
arises from the fact that in the derivation of the formulas complex functions have 
been used. In this case it helps therefore to replace the real angles by imaginary 
ones, for example (X by ill and to use hyperbolic functions (sinh, cosh etc.). The 
general relationships 

cos ill = coshll and sin ill = i sinh II 

then apply and the equations can be solved. The solutions will, in general, be com
plex values, the physical meaning of which is a phase shift (tp) at the boundary, 
where tan tp = Im(R)/Re(R) and similarly for D. In the fIgures 2.7 to 2.12 and in 
the following diagrams only the ratio of amplitudes, given by 

~(Im(x»2 + (Re(x»2 , 
are shown. 

If the angular solutions have imaginary values, the corresponding waves are 
damped transversely, as in the case of the well known surface waves. If the velocity 
solutions have complex values the corresponding waves are damped longitudinally 
and propagate as do conventional waves in an absorbing material. 

Most of the solutions of Eq. (A27) for example are of this type. In Diagram 9, 
however, only the few solutions with real values for the velocity are displayed. 

a) Free boundary of a solid. (See Figs. 2.7, 2.8 and Diagram 1). Symbols: the angles 
of the longitudinal and transverse waves are (Xl and (Xt, respectively. Thus for exam
ple Rlt signifles the reflection coefficient of the acoustic pressure for a reflected lon
gitudinal wave reffered to an incident transverse wave. For the reflected longitudinal 
wave we have: 

(AI) 

with the abbreviation for the denominator 
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for the reflected transverse wave: 

(A 2) 

with incident transverse wave (oscillation plane parallel to plane of incidence) (cf. 
Fig. 2.S) for the reflected longitudinal wave: 

R __ sin4at 
It- N' (A 3) 

for the reflected transverse wave: 

(Ct /CI)2 sin2al sin2at - cos22at 
Rtt = N ERn. (A 4) 

b) Interface between two liquids. Symbols: the angles of the incident, reflected and 
transmitted longitudinal waves are ai> a r and ad, respectively. The velocity of 
sound and acoustic densities of materials 1 and 2 are Cl, {h and C2, (l2, respectively. 
The reflection coefficient of the acoustic pressure 

(AS) 

the transmission coefficient of the acoustic pressure 

(A 6) 

c) Interface between liquids and solids. Symbols: angle of longitudinal wave in liquid 
a, angles of longitudinal and transverse waves in solid al and at, density and velo
city of sound in liquid {I and c, in solid {If. CI and Ct. respectively. 

In the case liquid/solid (Le. incident longitudinal wave in liquid) (see Fig. 2.9 
and Diagram 2) we have: 

1 {( Ct )2 (lC cos al) R = N - sin2al sin2at + cos22at - -- ---
CI {lfCI cos a 

(A 7) 

with the abbreviation 

N= - sin2al sin2at + cos22at + -- ---. ( 
Ct )2 {lC cos al 
CI {If CI cos a 

2 
Dn = N cos2at, (AS) 

2 (c )2 Du = - N c: sin2al· A9) 

In the case solid/liquid (see Figs. 2.10, 2.11) and Diagrams 3 and 4) with inci
dent longitudinal wave, we have for the reflected longitudinal wave: 
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1 {( Ct )2 •• (lC COS /X] ) Rn = N - sm2/X] sm2/Xt - cos2 2/Xt +-- --- , 
C] Cr l!I COS /X 

(A 10) 

for the reflected transverse wave: 

2 (C )2 Ru = N C: sin2/X] cos2/Xt (A 11) 

and for the transmitted longitudinal wave in the liquid: 

D _ 2 (lC cos /X] cos 2/Xt 

n - N (lr C] cos /X (A 12) 

In the case solid/liquid with an incident transverse wave: 

1 {( Ct )2 (lC cos /X1 ) R tt = -N - sin2/X] sin2/Xt - cos2 2/Xt --- --- , 
C] (lr C1 cos /X 

(A B) 

(A 14) 

2 (lC cos /X] sin 2/Xt 

~t = N (lr C] cos /X . (A IS) 

The echo transmittances (see Fig. 2.14 and Diagrams S to 8) for both cases, 
solid/liquid and liquid/solid are identical. If in both materials the longitudinal 
wave is used, we have 

4 (lC cos /X] cos2 2/Xt E = - -- ----'---....:.. 
n N2 (lr C] cos /X 

(A 16) 

but if the transverse wave is used in the solid, 

(A 17) 

d) Interface between two solids. The values in Diagrams 7 and 8 were calculated from 
a computer program by Kuhn and Lutsch [869]. For the case of coupling through a 
thin liquid layer, and using the above symbols, the following reflection and trans
mission formulae apply. 

Abbreviations: denominator N (index 1 for material 1, index 2 for material 2) 

cos2 2/X l! 2 (l2 C ~t (l2 cos2 /X2t 
N = 2 cot /Xl! + 2 . 4 tan /Xu + --4- cot /X2t + 2 . 4 tan /X2]' (A 18) 

sm /Xl! (l1 C l! (l! sm /Xlt 

For the incident longitudinal wave in material 1: 

cos2 2/Xlt 
Rn = 1 - N . 4 tan /Xu, 

sm /Xlt 
(A 19) 

2 cos 2/Xl! 
Ru = N sin2 /Xlt ' (A 20) 
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(}2 COS 2 al! cos 2 a2t 
Dn =- N' 4 tana21, 

(}1 sm al! 
(A21) 

(A22) 

For the incident transverse wave in material 1: 

4C~1 cos 2al! 
Rlt = -2- N . 2 cotalt ell sm au 

(A23) 

4 
Ru = Ii cot all - 1 , (A 24) 

(A25) 

(A 26) 

Note: For the incident wave in material 2, the indices 1 and 2 should be inter
changed. 

e) Velocity of lamb waves. Referring to Diagram 9: Optimal sound propagation oc
curs if for the angle a between the transverse wave and the perpendicular to the 
plate the following equation is fulfilled: 

with the abbreviations: 
d 

a= :If-' 
At' 

F1,2 = G 

Tl = tanh .[s2=T a; 

s = sin at; 

Tl 
Fl = - for symmetric Lamb waves, 

Tq 

T. 
F2 = -q for antisymmetric Lamb waves, 

Tl 

4S2~ ~s2_q2 
G = for both. 

(2S2 - 1)2 

The correlated velocity of propagation (group velocity) then is [1216]: 

Up = ds . 
s+a

da 

(A27) 

(A28) 



The differential ds/da calculated from (A27) is: 

aF1,2 

ds aa 
(1;= ~_ aF1,2 ' 

as as 
and explicitly for the symmetric wave modes: 

Formulae 567 

(A 29) 

a:a1 = ;2 {~S2 -1 Tq(1- TD + ~S2 - q2 Tl(T~ -1)}. 
q 

For the antisymmetric forms the tanh function should be replaced by the coth func
tion. 
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Diagram 1. Reflection at free boundary of steel 

R lI , reflection coefficient for longitudinal wave versus incidence angle of longitudinal wave, 
(XI (bottom scale), according to Eq. (A 1); 

Ru, reflection coefficient for transverse wave versus incidence angle of longitudinal wave, (Xt 

(top scale), according to Eq. (A2); 
R It , reflection coefficient for transverse wave versus incidence angle of transverse wave, (XI> 

according to Eq. (A3); 
R tt , reflection coefficient for transverse wave versus incidence angle of transverse wave, (Xt> 

identical with R II , according to Eq. (A4) 
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Diagram 2. Reflection and transmission of longitudinal waves at water-aluminium interface 

Longitudinal wave incident in water at angle IX gives longitudinal wave in aluminium with 
angle IXI and transverse wave with IX •• Calculated from Eqs. (A 7) to (A 9) with the constants 
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Diagram 3. Reflection and transmission of longitudinal waves at aluminium-water interface 

Longitudinal wave incident in aluminium at angle txl gives reflected longitudinal wave in alu
minium with angle IXh reflected transverse wave in aluminium with angle txt and transmitted 
longitudinal wave in water with angle IX (Eqs. (A 10) to A 12), regarding constants, see Dia
gram 2) 
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Diagram 4. Reflection and transmission of transverse waves at aluminium-water interface 

Transverse wave incident in aluminium at angle at gives reflected transverse wave with a., ref
lected longitudinal wave with al and transmitted longitudinal wave in water with angle a (Eqs. 
(A 13) to (A 15), regarding constants see Diagram 2) 
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Diagram S. Echo transmission at water-aluminium interface 

Ell and Ell, echo transmittances versus angles of waves in aluminium, IX\ and 1Xt. respectively 
(Eqs. (A 16) and (A 17» 
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Diagram 6. Echo transmission at water-steel interface 

Ell and Eu, echo transmittances versus angles of waves in steel, al and al> respectively (Eqs. 
(A 16) and (AI7» 
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Diagram 7. Echo transmission at perspex-steel interface 

Ell, echo transmittance for liquid contact and solili contact (broken line) 
Perspex: C1 = 2.73 x 103 m/s; Ct = 1.43 x 103 m/s; () = 1,180kg/m3 ; 

Steel: C1 = 5.90 X 103 m/s; Ct = 3.23 X 103 mls; () = 7,700 kg/m3 

«I (perspex) 
30° 90° 

40 

c ~ I 

~l.Iid Contoct I 
I ... 

30 

20 
I s;~:-J._-:--

o.~d Contoct --~ 
" 10 

V 
V--\ 

.--::::-: -----
" 

+0° SOo 

«;t (s/ee/J -

~ 

\ 



Diagrams 575 

Diagram 8. Echo transmission at perspex-aluminium interface 

E It , echo transmittance for liquid contact and solid contact (broken line) 
Perspex: CI = 2.73 X 103 m/s; c1 == 1.43 X 103 m/s; /1 = 1,180 kg/m3 ; 

Aluminium: CI = 6.32 X 103 mls; CI = 3.13 X 103 m/s; /1 = 2,700 kg/m3 
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Diagram 10. Attenuation of plate waves 

Various attenuation coefficients and layer thicknesses according to the relation p/Po = e- ad • 

Scale on right side: attenuation in dB, scale on left side: sound pressure amplitude and echo 
amplitude, respectively, in per cent 
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abrasive wheels 521 
absorption (attenuation) 8,89, 108 f., 215, 

456, (of water) 542 
absorptive capacity (of ceramics) 515 
acoustic (acoustical) axis 59 

emission see SEA (Sound Emission 
Analysis) 
impedance 13, 53, 119, 123, 124, 190, 
198,230,468,539,562 
sump 198 
velocity see velocity 

acousto elasticity 538 
adaptive learning 493 
adhesive joints (-bonds) 471 
air (as coupling means) 272 
air borne sound 252, 272, 371, 473, 519 
- gap 20 
algorithm 271,221,328 
ALOK method 220, 248 f., 324, 491 
aluminium 14, 26f., 106, 114, 197, 356, 

428,464,467,506 
castings 111 

amplifier (receiver) 176 f. 
characteristic 209 f. 

amplitude (height, of the echo) 160 
automatic amplitude control 227 

analog/digital converter 482, 488 
angle (beam-, measurement) 208, 21lf. 

of divergence see directivity 
probes 196f. 

anisotropy 14, 108, 113 f., 243, 375, 425, 
430,452,473,497,506,509,512 

annealing 340, 516f., 525 
annular oscillator 92 
antinode (of a standing wave) 9 
aperture 166, 250f., 257 
aramide 473 
artificial flaw see reference defect 
A-scan 165, 185, 336 
as cast structure see structure 
attachment scales (graticules) 437, see also 

DGSmethod 
attenuation (-coefficient) 97, 108f., 172, 

215,318, 340f., 38lf., 398, 428, 442f., 
452,462,468, 497f., 500f., 515, 539, 542 
comparator 541 

- of guided waves 34 
austenite (austenitic steel) 14, 114, 220f., 

345,425,428, 451f.,489, 505 
Automatic Attenuation Readout Adapter 

542 
automation 178 f., 218, 273, 334f., 444f., 

460 
avalanche transistor 175 
Axicon 86 
axle testing 164 (see also wheel sets) 

back (rear) echo 93f., 168f., (for coupling 
check) 273 
of a pi ate 56f., 95, 97, 169, 172 
maximum back echo (reference echo) 
95,281, see also DGS method 
ofa cylindrical specimen 54f. 
reduction 181, 342, 424 
sequence 169, 172, see also multiple 
echo sequence 

bacon 525 
band width (frequency) 132, see also 

amplifier 
barium titanate 117 f., 119 
base line see time base 
bats 163 
beam (sound-) 8, (- profiles) 70, (-width) 

74,86 
bearing (plain- or slide- or roller-, - boxes) 

366,474 
metal 474 

Bessel function 72,83 
billets 404 f. 
bolts 360, 486, (welded on -) 464 
bolt holes (- sockets) 361, 369,486 
bond (bonding, joints) 159, 306, (lack of -

or fusion) 375 
quality (rubber/steel) 545 
tester 471 

borehole (reference reflector) 43,50,102, 
316f., 366, 442, 454, 456 

Boresonic inspection 352 
boron 473 
bottles see pressurized gas -
boundary Sf., 15f., 24f., 79, 279f., 563 
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conditions (elastomechanical - -) 40 
waves 295,402 

Bragg diffraction ISS, 165, 244 
brake (linings for -) 471 

drums 505 
brass 14, (attenuation) 111,114; 510 
brazed joints 467 
broad beam probe 193f., 387, 391,464 
bronze (attenuation) 111,510 
brush method 508, 545 
B-scan 165,185, 248f., 474, 495 
butt welds 375 

cables (wallthickness measurement on lead-) 
531 

canning tubes (for nuclear fuel) 413,464, 
492 

capacitor transducer see electrostatic 
methods 

carbon 521 
fiber reinforced material, CRC 473 

case depth (hardening depth) 306, 532 
castings 423, 498 
cast ingots 339 

iron see grey cast iron 
metals (attenuation) 111, (structure) 
113 
steel 498 

cavitation 110, 542 
cements (for high temperatures) 205 
centrifugal casting 429,510 
center point method (for wallthickness mea-

surement) 228 
ceramics 265,514 
chain gate 180f.,440 
characteristic (transmitter or receiver -) see 

directivity 
oscillation 126 see also fundamental 
frequency 

chill castings 500 
CIRCE 494 
circular disc reflector 94, 96f., 102; 

(oblique) 104, see also flat bottom hole 
and reference reflector 

cladding (metal - ) 468 
cracks (sub - cracks) 483 

cleanliness (of a surface) 21, (of metallic 
material) 497 

clutch (linings for -) 471 
coarse grain see grain or structure 
coating (galvanic -, electro plating) 472 

enamel - 468, 472 
coefficients (reflection or transmission) 16; 

(attenuation -) see attenuation 
cold shuts (= stuck welds) see welds 
column (supporting -) 347 

composites 159,230,473,536 
compound castings 472 

materials 473 
scanning 248 
slide bearings see bearing 

compression 4 
wave 7 

compressive strength 523 
computer 105, 182, 253f., 260, 326, 336, 

398,417,451,458,474,488 
concrete 522 f. 
conical lens 86 
contineous casting 506, 532 
copper and its alloys 14,114,197,425,428, 

469,509 
corner reflection (-echo) 43 
Corrogram 208,217 
corrosion 230, 528 (see also pitted -) 

measuring (thickness) 227f. 
cracks (- fatigue cracks) 106,324,378, 
410,467 

counting method (of transit time measure
ment) 225f. 

coupling (means for -) 266f., 270f., 274, 
373,435,522 
control (- check) 273,407,410,435, 
446,460,491 
dry coupling 141,271 f., 274, 519, 524, 
532 
layer 31,189, 209f. 
(on hot surfaces) 204, 270f., 384, 407 
(of shear (transverse) wave vertical 
probes) 271 f. 

crack 21, (incipient- or surface-) 42,279, 
281,299,317,31~323f.,346f.,460,544 
(see also fatigue-) 
tip echo 281,323 

crank shafts 346 
CRC (carbon fiber reinforced plastics) 265 
creeping waves (head waves) 33,42, 204f., 

297,460,491 
critical angle 27,33, 199 

method 535 
cross coupling (- talk) (between piezoelec

tric crystals) 202, 232, 384, 397 
(electric between transmitter and ampli
fieD 162,202,212 

Cr-Mo-steel 498 
CR-tube (cathode ray tube) 95, 165, 170, 

209,218 
Cryofit method 477 
crystal structure 108f., 220, 452 
crystal array 194, 199 see also phased array 

and mosaic transducers 
C-scan 165,185, 248f., 304, 386, 445, 470, 

473 f., 490, 495 



CS-technique (Controlled Signal) 176,221, 
326 

Curie (-point, -temperature) 92, 118, 150 
cylinder (hollow, as reflector) 41 
cylindrical hole see reference reflector 
cylindrical wave 47f. 

damping 64 see also attenuation 
block 124, 188 
coefficient 128 

data processing (signal processing, see also 
computer) 185, 220f., 225, 336, 345, 
455,473,478[,488,495 
reduction 387,488 
sheet 216 

dead zone (see also resolution) 192, 198, 
202f., 211, 319, 367, 425, 499 

Debye-Sears effect 154 
decay (of an oscillation) 13 2 f. 
decibel (dB) 17, 67, 110, 313 
defect (flaw), artificial see reference -

counting (for interference suppression) 
311 
locating 300,341 
sizing 99[, 312f., 323, 341, 425 

DGS method (Distance Gain Size, - dia
gram.- scale or graticule) 96f., 183,216, 
26~313[, 327,314[,42~441[,476 

delay line (acoustic, between crystal and 
specimen) 174, 184,205, 223 f., 272, 
462[, (electric) 174, 190, 195,201 

Delta (Ii) function 90 
Delta (~) technique 166, 304, 324 
density 7,562 
detour (error of -, with TR-probes) see error 
diaphragm (acoustic) 46, 58 
die castings 430,512 
dielectric constant 119 
diffraction 34[,46,59, 8H., 93, 102, 154, 

165,366 
digital technique 166, 180, 182,218,221, 

226,251,253[,336,441,474,488,495 
/ analog converter (D/ A) 195 

dimensional measuring (of tubes, eccentri
city, geometry) 416,419,531 

directivity (angle of divergence) 49, 60, 65, 
72,7~88, 104, 10~ 112, 130[, 144, 147, 
150,191,214,249[,259,268,280,312, 
320 

disc (as reflector see also circular disc, tur
bine - see turbine) 40f.,94 

dislocations 116, 544 
dispersion (of the sound velocity with fre

quency) 14,37,265,395,408,520,545 
distance 207 see also wall thickness mea

surement 

Subject Index 669 

amplitude correction (DAC, swept gain) 
179,182,227,317 
law 47,98,112,183,298,316,318,476 

distant field (far field) 59 
distortion (of the pulse) 132,176,211 
divergence (angle of -) see directivity 
documentation see recorder and recording 
Doppler effect 156 
double angle probe (for tubes and rods) 

401 
double refraction (acoustic) 156,245, 536 
double transmission 392, see also through 

transmission 
drill pipe 410 
dry coupling see coupling 
DUVD method 245 
dynamic range 210,489 

testing 299 

earthing (-leads) 311 
eccentricity (of tubes) see dimensional mea

surement 
echo dynamics 181, 319f., 342 

features 326 
method see pulse echo method 
pulse width 211, see also resolution 
sequence see multiple - sequence 
start circuitry (entrance -) 174, 179 
transmittance 29f., 196[ 

eddy currents 145, 492 
edge damping 125 

reflection 34 [ 
testing (of plate or strip) 382, 386f., 450 
waves 34[, 40f., 59, 105 f., 304, 323 

effective diameter 192 
elastic body 4 f. 

constants (constants of elasticity) 11 [, 
159 
limit 8 
modulus see modulus 
wave 4 

electrodes (on the crystal) 92, 120, 188 [ 
electrodynamic (electromagnetic) methods 

(see also EMAT) 32,37,79, 145,273, 
299,307,376,399,407,422,467 
receiver 213[,273 

electromechanical coupling factor 119,123 
electrostatic method (capacitor transmitter 

or receiver) 145,272 
elementary waves (Huygens' waves) 10[, 

59; see also Huygens' principle 
ELSAM (ultrasonic microscope) 256 
EMAT (EMUS) (electrodynamic transducer) 

145,399,407,493,531 
embrittlement (caustic -) 378 
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enamel (coatings) 468 
end gauge 20 
energy principle 17,26 
entrance echo (surface echo) 224f. 
envelope curve (of the echo) 299,320,334, 

444 
of layer echoes 293 (see also shrink 
fits) 
of zigzag reflections 299 

epoxy resin 189 
equivalent defect size (- reflector size, see 

also DGS diagram) 192,198,313, 
342, 356, 373, 44lf. 
radius (of the Gauss oscillator) 92 

error (of detour with TR probes) 202, 232 
see also zero -

evaluation (of defect echoes) 182 f., 207, 
442 

excitation (of an oscillator) 87f.,134f. 
explosives 518 

far field 59 
fatigue (- cracks, see also cracks) 264, 

306,324,369,544 
ferro electricity 118 
Ferrotron 152, 403 
fiber reinforced plastics (composites) 

265, 544 
field effect transistor (VMOS) 175 
fillet welds 459, see also welds 
filter (frequency -) 177 f. 
finger print 349, 478f. 
finger test (- tip test) 295,300, 303 f., 395, 

401,436 
finite element method 107 
fish plate cracks (railway) 249, 369 
flakes (hydrogen cracks) 339 
flat bottom holes (as reference reflectors) 

203,314,375,442,457 
flaw see defect 

counter 311 
detector see pulse echo flaw detector 
locating 300,311,437 
locating rule 438 
locating scale 439 
luminous flaw locating rule 440 

flowing water coupling see water 
focus (focal point) 49,166, 192,204 
focal distance 49 

factor 82 
line 55 

focussing (focussed probes) 52,65,81, 152, 
193,195,200,253,255,270,402,416, 
422,436,475,495 

foil tansducer (PVDF) 124, 
forgings 164, 339 

Fourier synthesis (- series) 132 
fracture mechanics 341 
free boundary 10 

(sound) field 73 
wave 5f. 

frequency 6, 12 
analyzer 213, 543 
band 14,132,207,213,233,235 
dependence ofthe attenuation 110; of 
the sound velocity see dispersion 
fundamental frequency (natural or 
characteristic frequency of 
an oscillator 125 f., 540 
modulation 240 
modulation method 162,219,238,397 
spectrum ( - bandwidth) (amplifier) 
207, (transducer) 213 . 
working frequency (center frequency of 
the echo) 213 

Fresnel 11,61 
lens 53 
plate 243 

fuchsine test (for porosity of ceramics) 515 
fuel elements 463,492 
fusion (lack of -, see bonding) 432f. 

gain (amplification) 110, see also DGS 
method 
control (automatic) 273, 447 
control, calibrated in dB 177,207,210 
reduction 181 
reserve 210 

galvanic coatings see coatings 
gaps 181 
gate (time-, electronic circuitry) 178 

chain 180 
Gauss function (of the excitation voltage) 

90f., 100 
probe (-oscillator) 92,215 

gas cylinders (pressurized gas bottles) 414, 
420 

generator rotor 54, 340 
German silver 510 
glass 514; (attenuation) 111 

fiber reinforced material (GRC) 473 
glycerine 270 
gold 511 
grain (structure) 14, 108f., 339, 360, 425, 

452,508 
boundaries 108, 115,220 
flow (in forgings) 340 
size 114f., 425, 497, 506, 546 

graphite 428,500,521 
grass (- mounds) 109, 168, 184,210,220, 

301 
graticule see scale 



grating (optical) 106, 144, 154 
grey (cast) iron 230, 428, 499 
grey scale recorder 187 
grooves (as reference reflectors) 44,296, 

298,305£,311£,349 
milling or turning grooves 267 

ORP (glass resin plastics) 473 
group velocity (see Diagram 9) 577 
guided waves 33f. 

hafnium 511 
half value method (6 dB method) 320 

width (of a beam) 73, 320 
hardening (hardness) cracks 497 

depth see case depth 
surface hardening cracks 38 

hardness 549; (cast iron) 503; (surface 
layer) 506 

hard faced probe (hard coupling surface) 
189, 209f., 230, 267, 312, 320,426 

harmonic oscillation 125 f., 130 
head wave (creeping wave) 33 
heat exchanger tubing 492 f. 
heat treatment (harden and temper) 436, 

497,508 
HF (high frequency) display of the echo 

177 
hole see reference defect and flat bottom 

hole 
holography (acoustic) 161 f., 165, 256, 491, 

(linear -) 260£,326,491,493 
HOLOSAFT method 262 
homogeneous lead cladding see lead clad-

ding 
homogeneity 14 
honeycomb structure 471 
hot material 158f., 233, 270f., see also 

coupling and temperature 
Huygens' principle 10,59,61, 93f., 104, 

106,145,316 
hydrophon 213 

image tuve (CR tube) 170 
converter 241f. 

imaging methods 141f., 161f., 241f. 
immersion technique 56f., 79, 174, 187, 

190,213£,274£,356,391£,401,458, 
464,467,473,479 
partial immersion technique 349,418 

impedance see acoustic impedance 
inclusions (nonmetallic, slag) 339, 368, 

380,498,507 
influence zone see pulse - -
information field (of the DOS diagram) 

318 
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ingots 339,390, 506 
inhomogeneous material 108 

waves 34 
in-service inspection 346,478,493 
insulators (porcelain) 514 
integration method (of transit time measure

ment) 224f. 
intensity (of a sound wave) 13,17,47,109 

method 160,239, see also through 
transmission method 

interference (acoustical) 8 f., 10, 22, 38, 44, 
87,223,274,279,309,536 
(electrical) 95, 181, 309 
(optical) 156 
(disturbance by electromagnetic wave sig
nals) 309f. 
(by electric mains born signals) 309f. 

interferometer (optical, Michelson -) 156, 
165,257 
method (acoustical) 222f. 

intermediate echoes (from plates) 294 
iron 114 
ISO 474, 552f. 
isobars 68 
isotropy 5 

jitter (of the displayed echoes) 174 
joints (bonds) see welds 

kidney cracks (in rails) /368 
K-weld (fillet weld) 459 

Lamb waves 36, 577; see also plate waves 
lamellar grey cast iron 500 f. 

tearing 381,390,498 
laminates, see compound materials 
laminations (of plate) 162, 380f., 473 
laps (spills) 401,409 
laser 142,153, 165, 256f., 273, 307, 512 

pulses 142£ 
scanning 242,247 

law of distance see distance 
layer (liquid) 32, 36 

echoes 292 
thickness 38, 532 

lead 511, (attenuation) 111,114, (imped
ance) 198 
bronze 474 
cables 531 
cladding (lining, homogeneous -
coating) 469,511 
metaniobate (and zirconate, titanate) 
119,205 

leak testing 491 
lean meat 527 
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learning computer (adaptive learning) 326, 
493 

leather 525 
Ledeburite 500 
legibility (of the display) 209 
lenses (for ultrasound) 49f., 54, 65, 81f., 

193 
light metals 111,390 
limitfrequency (of a recorder) 187 
limits of acceptance or rejection, see specifi

cations 
linear holography 260 

range (of elasticity) 8 
linearity (of the amplifier response) 178, 

210f. 
liner (linings) 471 f., 474 
lithium (niobate and sulphate) 119, 205 
liquid crystals 142,245 

metals 272 
liquids 20 f. 
locating see flaw locating 
logarithmic amplifier 182,210,488,542 
longitudinal (and TR) angle probes 413, 

236, 453f., 456, 483 
creeping waves 33, 297 
waves 5f. 

Lorentz force 145 
Love waves 36,38,307,468,533 
luminous locating rule 440 

manganese steel 375,390,428,498 
magnesium (attenuation) 111,114, 

(-alloys) 506 
magnetic particle test 427 
magnetic tape (recording) 490, 495 
magnetostriction (magnetostrictive methods) 

150,403 
manipulator see probe 
manufacturer (of equipment) 217 f. 
marking (of defectous specimen) 334f., 

374, 387, 39lf. 
masking (the beam) 402 
matching (electric) 124,130, 132, 188,204; 

(mechanic, impedance-) 136, 188f., 198 
maximising (of the echo, when scanning) 

312 
maximum echo 95,210, see also DGS 

method 
value (or minimum value) memory 184 

measuring pulse unit see test pulse generator 
meat 525 
mechanical quality Q 123 
mechanizing see automation 
medical applications 165f., 195,242,244, 

247, 253f. 

memory see computer 
mercury 18,270 
metal powder 188, 270 
MFH (Multiple Frequency Holography) 

262 
Michelson interferometer 156, 243 
microphone 58, 70, 103, 120, 252 
microprocessor 195,218,221,336,450, 

490 
microscopy (ultrasonic) 163, 166, 242, 244, 

246,255,517 
milling (turning) grooves 267 
mine shaft casings 430 
mirrors 49f., 54, 86, 93,475,529 
mix-up test 151 
mode changing (- conversion) 23 f., 79, 

164, 195f., 279, 294,306,324; (of plate 
waves) 393,421 

mode-coupled lasers 159 
modulus (of elasticity, Youngs -) 13,505, 

523, 533, (- of shear) 14 
moisture (in plastics) 519 
molybdenum 469 
monitor (electronic gate circuitry) 179 
monoblock wheels (railway) 375 
mosaic transducers 189,270 
multiple echo sequence 57,273, 276f., 285, 

291,377,380,412,435,459,462,468, 
476,505,539, see also brush method 
frequency holography (MFH) 262 
frequency method 324, 326 
scattering 220, 545, see also scattering 

multiplexing (probe switching) 311,335, 
413, 445 f., 450 

natural defects 106 
frequency see fundamental frequency 
rock 520 

nearfield 59 f. 
length 59f., 79, 96,191,195,214,311 
minima and maxima (of the sound pres
sure) 60 

Neper 109 
network (distorted - method) 67 
nickel 356,407,497,512; (attenuation) 

111 
nimonic 360,512 
node (of a standing wave) 9 
nodular cast iron see spheroidal grey cast 

iron 
noise (electronic) 177,240, (ultrasonic 

from the probe) 189 
grain noise 319 
level (signal to noise ratio) 210,220, 
250 



modulation 162 
non-linear etTect (of sound absorption) 

215,542 
non-uniform excitation (of a crystal) 87 
normal (vertical) probes 188f. 
nozzle welds see welds 
nuclear reactor 125, 196, 478f. 
nuts 486 
Nylon 197 

oblique incidence 23,195f. 
oil (for coupling) 271 
on-line (or otT-line) data processing 488, 

490,495 
oscillation 4 f. 

characteristic oscillation 126 f. 
elastic oscillation 4 
forced oscillation 128 
of a plate 126f. 
sinusoidal oscillation 4 
transient oscillation 133 

oscillator (generator of ultrasound) 58 
overloading (input -, saturation of the 

amplifier) 176,182,211 
oxide 106 
oxyacetylene welding (of rails) 374 

parametric image converter 243 
partial immersion testing see immersion 

testing 
paste transducer 123 
pattern recognition 220,326,455, 493f. 
peak memory 182 
penetration depth (of surface waves) 34; 

(max. testing range) 111 
Perspex 19, 28f., 53, 86, 111, 197,517 
phantom echoes 172, 340, 497 
phase Sf., 38, 6lf., 65, 95, 177, 256f; 

(metallurgical) 265 
control (electric) 537 
echo phase 229, 326, 328 
method 160f., 238 
plate 86 
reversal 17,26,44, 70, 74, 102, 126, 
135, 230, 280, 306, 323; (- shift) 96, 
144,147,195,230,291 

phased arrays 65,96, 166, 194, 20lf., 25lf., 
326,493f. 

photoelasticity 156, 165,214,244,538 
photo conductivity 243 
photo electron emission 247 
pickle (etch) test 400 
piezo ceramics 117f., 165 
piezoelectricity 95, 117 f., 163 
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piezoelectric modulus (and -constants) 122 
pigs 526 
pig iron 506 
pipelines 382 
pipes see tubes 
piping (of slabs and extrusions) 380,510 
PISC programs 493f. 
piston oscillator 58, 70, 94, 96, 102 
- rods 347 
pitch and catch technique 105,304,341, 

355,370,375,434,450,457,482 
pitting (pitted) corrosion 204, 230, 528 
plane waves 8, 15f., 58, 94 
plasma 143 
plastics 517; (attenuation) 111; (sound 

velocity) 230; (wallthickness) 238, 
519; (composites) 473 
welds in plastics 456 f. 

plate 18f.; (piezoelectric -) 120f. 
echo (as reference echo, see also DGS 
method) 96, 313 
edge testing 382, 386f., 450 
testing 164,261,272,276,291, 378f.; 
(plastic) 518 
waves 36,141, 148,272, 307 f., 381, 
393,436,467 

plating see coating 
platinum 511 
plotter 250, 260 
Pohlman cell 162,246 
point source (directivity) 64, 74, 144 
'Poisson's ratio 13, 534 
polarization (oflight) 156,245 

(of ultrasonic transverse waves) 31,147, 
199,280,289,537 
(of ceramic transducers) 92, 118 

polyamide 205, 517 
polystyrene 53, 86, 517 
polyvinylchloride (PVC) 517f., also further 

poly- plastics 
porcelain 14, 111,512; (bonding) 468 
porosity (pores) 14, 108, 114,428,474, 512, 

515 
powder metallurgical composites 159,512, 

536 
power plant equipment 348 f. 
preamplifier 310,489 
PREDEF method 237 
pressure (acoustic -) 7, 13 

test 265 
vessel (of a nuclear reactor) 478f. 
wave 7 
welding see welds 

pressurized gas bottles see gas cylinders 
printer 184, 336, 405, 488 
probe (transducer) 187f. 



674 Subject Index 

data 212 
manipulator 391,478f. 
index (sound exit mark) 196 

projected distance 439 
protective facing (- layer, of the probe) 

188,274f. 
P-scan 25If., 445, 491 
pulse (ultrasonic) 14,22,33,39, 54, 60, 

87f.,132 
counter 18If' 
distortion 132,176,211 
echo method (- echo flaw detector) 
160f. 
influence zone 212,228 
repetition rate (trigger rate) 167, 171 f., 
236,488 
resonance method 235, 538 
width 211 

PVC (attenuation) 111 see also polyvin-
ylchloride 

PVDF 125,247 
PVF 248 
PYRC program 493 
pyroelectric effect 248 

Q (quality, mechanical damping) 119, 123, 
128 

quantizer 187 
quartz 119, 164 

glass 205, 529 
quenching 362,497 

radar 164 
radiation resistance 140 
radiator see oscillator 
radiography 441 
rails 249, 368 f. 

tester (rail testing train) 370 f. 
used rails 373 

railway wheels (wheelsets) 375 
axles 364f. 

Raman-Naht diffraction 154,244 
range (of testing or transmission) 111 
Rayleigh creeping wave 42,199 

disc effect 246 
wave (surface wave) 34f., 4lf., 121, 199, 
281,295,304 

RCA camera 242 
real time (imaging or recording) 166,244f. 
receiver (amplifier) 176 
reciprocity theorem 130 
reconstruction (of an image) see holography 
recorder 185f., 386f., 405,458,460,478, 

495 

grey scale recorder 187 
recording (documentation) 182,185, 334f. 

amplifier 179, 182 
length 322, 444 
limit 314f., 317, 322, 335,441,444,483 

recovery time (of the amplifier) 176 
(of the attenuation after stressing) 544 

rectangular oscillators 76 f. 
rectifier (of the amplifier) 177 f. 
reference echo 95 f., 210, 335, 410, 435, 

446,467 
defect (- reflector) 101, 183, 282 f., 
301,313,335,349,365,375,456,483; 
see also flat bottom hole and test blocks 

reflection 10, 18f., 563 
refraction 23 

law (Snell's law) 23 
refractory bricks (fireproof ceramics) 521 
rejection limit 317,322,335,356 
relief method 163, 242 
remote control (of the transducer) 201, 

336, 398, 479f., 494 
repetition frequency (pulse repetition rate) 

171,309 
residual stresses 510 

wall thickness 204,227, 230f., 528 
resin (cast -) (attenuation) 111,198,517 
resolution (resolving power), (in depth) 81, 

177, 202 f., 209, 21 If., 221, 243, 260, 262 
(see also subsurface -) 
(transverse or lateral) 213,262,326 
distance 212 

resonance 130 
frequency 128 f. 
method 160f., 233f., 467 

retaining rings (end bells of generator rotors) 
340,348 

reverberations (transient oscillations of the 
transducer) 176, 188,273 

rise time (of a pulse) 222f.,227 
rivets and rivet holes 360, 378, 466 
rock 520 
rods (pump-) 347,400 
rod waves 37,152,407 

shaped crystals (in the grain structure) 
452 

roller probe 271 (see also tire probe) 
rolls (cast iron) 500, 548 
roof angle (of a TR probe) 202, 366 
rotor forgings 340 
ROTOSCAN 450 
roughness (surface-) 28 
round stock 400f. 
rubber (attenuation) 111,198; (wall thick

ness) 238 
metal bonds 469, 519 



SAFf (and SAFT-UT) 166,220,251,493 
Salol (for coupling) 271 
SAM 166,255 
SAP (sintered aluminium) 512 
satellite echoes 324 
saturation (overloading, of the amplifier) 

176, 182,211 
scales (attachment -, graticule) 437 
scale expansion 173 
scanning 105,165,186,220, 248f., 319, 

443f. 
scattering 8, 15, 35, 38, 93, 101, 106, 108 f., 

113,115,267,304,327,452,497,509, 
539, 545f., 593 

Schallsichtgeriit 163,246 
schlieren method 154, 162,214 
screws 360 
SEA (Sound Emission Analysis) 162, 264, 

473,496 
secondary echoes 283 f. 
sector scanning 195,251 
segregations 339, 390, 498 
SEL probes (longitudinal TR angle probes) 

see longitudinal 
semi finished material 400 
sensitivity 191, 209f., 267f., 301, 435 
shadow (ultrasonic) 93, 102, 487 

method see through transmission method 
wave 102, 104 

shear see transverse 
force 7,28, 120f. 
modulus see modulus 
wave 6f., 121 
wave probes (vertical) 215 

sheet (thin plate) 272, 281, 391f. 
ships (hull and deck thickness measurement) 

532 
shock pulses . 132, 159 
shock waves 141,148,463 
shrinkage (in castings) 400, 423, 426, 474, 

514 
shrink fits 28,349,366, 376f., 475f. 
SH waves (Shear Horizontal) 32,281,299, 

323,456,471 
SI (units) 11 
side lobes (of the directivity) 67,90, 100, 

105, 195 
side wall effects 35, 279f., 303 
silver 511; (attenuation) 111, 114 
signal processing see data processing 
signal to noise ratio see noise 
sing around method 236, 537 
sintered metals 512; (attenuation) 111, 

205 
skin effect 149 
skip distance 299, 43lf., 437f. 
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slabs 378 
slag inclusions see inclusions 
SLAM 163,166,242,255 
slot (as reference reflector) see groove 
Snell's law 23 
soft face probes 189, 209f., 267, 274, 311, 

319,426 
Sokolov camera 163,246 
soldered joints 467 
solid fuel 518 
Sonogage 163 
Sonogram 192, 197,203 
sound absorption 109f. 

beam 33 
beam splitting 281, 396 
-emission analysis see SEA 
exit point see probe index 
field 58f., 192, 197, 212f. 
pressure 6f., 13,47,58,96, 109 
radiation pressure 13, 142,206 
transmission method see through trans
mission 
transparency see transparent 
velocity 6f., 12,37,53,115, 119, 197, 
230, 306, 359,425,427,452,497, 500f., 
509, 515 f., 562; (dependence on stress) 
533,536; (dependence on the tempera
ture) 14,534,485,497,519,534 

space shuttle 474 
spark gap (electric) 149,252 
speckle pattern (laser beam) 153 
spectroscopy 326f.,495 
specular reflection 93, 434, 436 
spherical wave 8, 47 f., 54 f. 
spheroidal grey cast iron 427 
spills (laps) 400 f. 
spot welds see welds 
squint angle (of probes) 212f.,341 
squirter technique (for coupling) 277 
stainless steels 497 
standards (specifications) 205,217,330, 

344f., 382, 478, 493 f., 494,517, 552f. 
standing waves 8 f., 126, 162,240 
statistical error 226 

evaluation 491 
summation effect 293 

tandem technique see pitch and catch 
Teflon 197,517 
temperature (influence on the velocity) see 

velocity: (on the attenuation) (water) 
110; (plastics) 113 
high - (of the test piece) 204, 270 f., 
384, 407, 529; see also coupling 

tensile strength 544 (transverse, lamellar 
tearing) 381,390,428; (cast iron) 502 
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tension 4 
test blocks (reference blocks) 199,208f., 

212,282,330,391,438,412,442,457, 
474,553; see also flat bottom holes 
pulse generator 210f. 
report (form) 331,441 
specifications see specifications 

testing speed 337,391,393,398,403,405, 
407,416,420,427,449,458,474,482, 
488 

texture 14,306,497,510,545 
thermit welding see welds 
thickness measurement see wall thickness 
threads 347,486 
threshold method 320, 444 
threshold (electronic) 179, 181f., 227, 

392f.,410, 428, 435,444 
through transmission method (sound trans

mission, shadow method) 103, 160, 
239,320,380,383,392, 395f., 403, 424, 
464, 467, 472 f., 493, 511, 518f.,542 
signal (coupling check) 273,447 

thyratron 175 
thyristor 175 
tiles 521 
time base (sweep voltage) 171, 206 
tin 562 

-bronze 474 
Tinel 477 
tip (of a crack, - echo) 281 
tire (rubber) 520 

probe 205, 275, 
(railway wheels) 375 

titanium 511; (welded tubes) 436: (atten-
uation) 111,356 

TOFD method 325 
tomography 166, 252 f. 
total reflection 26 f., 454 
training (operator) 330 f., 553 
transfer correction (weld testing) 443 
transient oscillations 132, 176, 188 
transit field 72 

tank 278,393,415 
time 94, 160 (- - interferometer) 
157; (- - method) 160,222 

transition zone (between two medial 22 
frequency 327 

transmittance (transmission, see also trans
parent) 16f., 29f., 103, 197,476,505, 
507, 519 

transmitter (electronic) 174 
transparent (gaps and cracks) 106, 324, 

349; (shrink fits) 366; (stuck welds) 
436,458,445 

transposition (of the beam) 39,43 
transverse (shear) waves 6 f., 121 

travelling echoes 343,408,412,426 
TREES 352 
trees 524 
triangular reflections 286 
triangulation 250 
trigger see pulse repetition rate generator 
trigger point 227 f. 
TR probes (transmitter/receiver probes) 

188, 202 f., 216 
tubes (tubing, pipes) 164, 302, 409 

plastic tubes 518 
finned tubes 420,422 
testing probe 410f. 
welded tubes see welds 

tungsten 512; (attenuation) 111,114; 
(- powder) 189 

turbine blades 357 
discs 354, 356f. 
rotors 351f. 
shafts 351 f., 356 

tyre see tire 

Ultrasonovision 165,242 
under cladding cracks see cladding 
under water testing 218,233,247,450; see 

also immersion testing 
uranium 429,511 

variable angle probe 195,414 
vector addition 61 
velocity see sound -
vertical (normal) probe 188 f. 
video amplifier 178 
Vidigage 163 
Vidoson 163 
VMOS (field effect transistor) 175 
Vulkollan 268,274 

wall thickness measurement 38, 159, 163, 
184,204,43~519,523,528f. 

meter 217 
water (velocity) 12,14,534; (attenuation) 

110,215; see also velocity and tempera
ture 
cooling 204,272 
delay line see delay line, interferometer, 
nozzle 
flowing water coupling 271, 370f., 
392,401,413,435,515 
gap coupling 271, 275f., 380, 382, 397, 
483 
jet coupling 271, 274f., 383f., 393, 472 

wave 4f. 
front 8 f., 48, 95 



length Sf., 12,46 
train 22 

wear (of the probe face) 190,196,274,373, 
386,397 

W echo 55, 287 
Weiss' domains 544 
welds (welded seams, joints) 164,265, 304, 

375, 382, 431f. 
austenitic welds 491; see also austenite 
brazed welds 513 
butt welds 431 f. 
electron beam welds 434, 464 
electro slag welds 436 
explosion welds 464 
fillet welds 459 
flow pressed welds 464 
friction welds 434 
inductance welds 415 
K welds 459 
lap (sleeve) welds 458, 461 
laser beam welds 465 
magnet welds 464 
nozzle welds 461,485,494 
resistance welds (tubing) 436, 444, 464 
spiral welds (tubing) 462 
spot welds 462 
stuck welds (cold shut) 341,429,436, 
445,458,462 
submerged arc welds 445 
swaged collar welds 432 
T-frame welds 460 
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thermit welds (of rails) 374 
wetting 18,271, 435 
wheel probe see tire probe 
wheel sets (railway axle testing) 367 
white cast iron 500 
wires 407 
wood 274, 524; (attenuation) 111 
working (cold working) 111,114,497 

frequency (center frequency of the echo) 
211f. 
time (of battery operated units) 218 

Xylol 155 

Y-cut quartz 199,537 
Young's modulus see modulus 

zero crossing method 227 
error 171 f., 224 
marker 224 
test 478,493 

zigzag reflection 38, 298, 380, 431 
zinc (die castings) 511; (attenuation) 111 
zircalloy (pipes, welds) 5Il,464 
zirconium 511 
zone construction (Fresnel -) 61 f. 

lens (Fresnel -) 53, 65 
plate 86 




